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Abstract 
 
There is a growing awareness of the need to investigate alternative energy sources 
due to the environmental impact and limitations that fossil fuels have.  In this work, 
electrochemical research is reported that includes studies and modifications of the anode 
structure for the Direct Formic Acid Fuel Cell. 
Four different concepts will be discussed.  The first is the study of the effect of 
Nafion® loading in the anode catalyst layer using electrochemical techniques.  Nafion®, 
within the anode and cathode catalyst layers, plays a large role in the performance of fuel 
cells.   Nafion® also serves as a binder to help hold the catalyst nanoparticles onto the 
proton exchange membrane (PEM).  The DFAFC anode temporarily needs to be 
regenerated by raising the anode potential to around 0.8 V vs. RHE to oxidize CO bound 
to the surface, but the Pourbaix diagram predicts that Pd will corrode at these potentials.  
Data will be presented to examine Pd durability at three different Nafion® loadings: 10, 
30 and 50 wt. %.  Lastly, cyclic voltammetry data will be presented that suggests that the 
Nafion® adds to the production of CO during oxidation of formic acid for 12 hours at 0.3 
V vs. RHE. The resulting data showed that an increase in CO coverage was observed 
with increasing Nafion® content in the anode catalyst layer.     
Secondly, data for a palladium-decorated carbon nanotube catalyst prepared on a 
gas diffusion electrode via vacuum filtration that shows improved electrooxidation of 
formic acid is discussed.  During linear sweep voltammetry, the palladium-decorated 
CNT showed a current of 0.18 mA cm
-2
, while the standard palladium black catalyst only 
showed a current of 0.082 mA cm
-2 
at 0.3 V vs. RHE .  This is a 120 % improvement.  
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Also during a 12 hour chronoamperogram at 0.3 V vs. RHE, the palladium-decorated 
CNT catalyst showed a factor of 3.5 improvement at the end of 12 hours.  The current 
was also much more stable for the palladium-decorated CNT.  During the last 8.5 hours, 
the palladium-decorated CNT show a current loss of 36%, whereas the standard 
palladium black catalyst showed a current loss of nearly 90%.  Lastly we report that the 
palladium-decorated CNT showed better current stability under potential cycling.   After 
300 cycles in 12 M HCOOH from 0.02 to 1.45 V vs. RHE, the palladium-decorated CNT 
showed only a 33% current loss when measured at 0.3 V vs. RHE.  However, the 
standard palladium showed a decay of 60% when also measured at 0.3 V vs. RHE. 
It was also found that antimony doubles the rate of reaction in an electrochemical 
cell, but the increase is less in real fuel cell conditions. The current that is produced at 
0.6 V is approximately 14% greater for the fuel cell containing antimony additions than 
the palladium anode catalyst. In a constant-current test, it was found that the fuel cell 
assembled with palladium–antimony anode catalyst produces 18% more voltage than the 
palladium anode catalyst after 9 h of operation.  
Lastly, palladium was modified with an electropolymerized aniline layer to 
attempt to increase the performance of the direct formic acid fuel cell.  It was shown in 
the electrochemical cell that there was a 62% increase in formic acid oxidation current.  
However, when tested in the fuel cell, the enhancement at 0.6 V was only 10 %.  This is 
likely due to the complicated environment of the fuel cell, which causes the results to not 
directly translate to the fuel cell.  Unfortunately, long term studies indicated that the 
voltage decay in the polyaniline-modified electrode was steeper than palladium.  
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Chapter 1: Introduction 
As global awareness increases regarding the diminished reserves of fossil fuels as 
well as the increasing concentrations of carbon dioxide and other green house gasses, 
there has been a renewed motivation to develop and implement alternative energy 
sources.  While wind, nuclear, and solar power may be viable options for large scale 
stationary applications, portable electronics require smaller modes for energy delivery in 
the form of a battery or fuel cell. 
The increasing demand for small, portable electronic devices necessitates the need 
for the design of small scale power devices.  As a result, batteries and fuel cells have 
been miniaturized with the goal of maintaining large energy densities.  At this time, fuel 
cells show an advantage over batteries.  Fuel cells are able to maintain a high power 
density with a decrease in size, while batteries suffer large power density losses with 
decreasing size[1].  In addition, a fuel cell does not operate between two heat reservoirs, 
and therefore, fuel cells do not suffer from the efficiency losses that heat engines do. 
The first realization of the fuel cell came in 1839 by William Grove.  His basic 
fuel cell design used platinum electrodes in two different sealed containers with sulfuric 
acid as the electrolyte.  As hydrogen flowed over one electrode and oxygen flowed over 
the other electrode, he noticed that a current flowed between the two cells [2].   
The reaction that he observed was actually the reverse electrolysis of water, where 
hydrogen and oxygen recombine to form water:   
 H2 + ½ O2 H2O                                                                                         (1.1) 
 which involved the transfer of two electrons per hydrogen molecule. 
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Grove’s observation allowed for the development of the fuel cell, which is a 
device that converts chemical energy to electrical energy.  Grove’s observation led to the 
development of one of the simpler fuel cells—the hydrogen fuel cell.  The hydrogen fuel 
cell works by oxidation hydrogen molecules on the anode of the fuel cell.  The produced 
protons and electrons then reduce oxygen on the cathode to complete the circuit.  Those 
reactions are [3] 
                            H2  2 H
+
 + 2 e
-
                       E
0
= 0 V,        (1.2) 
  ½ O2 + 2 H
+
 + 2 e
-
  H2O        E
0
=1.23 V.    (1.3) 
From this preliminary device, the field of fuel cells began to split into two 
different schools of thought.  The first school of thought was to take fuels and reform 
them into hydrogen via the water-gas shift reaction.  The reformed fuel would then be 
used in a fuel cell similar to Grove’s.   
The second school of thought was to oxidize the hydrogen-carrying fuel as it is, 
without the need to convert it to hydrogen.  This gave rise to many of the direct fuel cells 
known today, including the Direct Methanol Fuel Cell (DMFC), the Direct Formic Acid 
Fuel Cell (DFAFC), and the Direct Sodium Borohydride Fuel Cell (DSBHFC) [3].  The 
direct fuel cell often requires virtually no balance of plant components, since there is not 
a need to reform the fuel. 
Fuel cells are further classified into categories by the type of electrolyte and ion 
exchanged during the reaction.  There are five main classifications: Polymer electrolyte 
membrane (PEM) fuel cells, phosphoric acid fuel cells (PAFC), alkaline fuel cells (AFC), 
molten carbonate  fuel cells (MCFC) and solid oxide fuel cells (SOFC)[2].  Table 1.1 
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compares the different electrolytes, charge carrier, operating temperature and example 
fuels. 
 
Table 1.1: Comparison of Different Major Fuel Cell Categories [2]. 
 PEMFC PAFC AFC MCFC SOFC 
Electrolyte 
Polymer 
membrane: 
Nafion ®, 
Polyaromatic 
sulfonic 
acids 
Immobilized 
liquid 
phosphoric 
acid 
Immobilized 
liquid OH 
containing 
base 
Molten 
carbonate 
salts 
Ceramics 
(eg. Yttira-
stabilized 
zirconia) 
Charge 
Carrier 
 
H+ 
 
H+ 
 
OH- 
 
CO3
2- 
 
O2- 
Operation 
Temperature 
 
Ambient-
80oC 
 
~200oC 60-220oC ~650oC 
600-
1000oC 
Example 
Fuels 
Hydrogen, 
Methanol, 
Formic Acid 
Hydrogen 
Hydrogen, 
Methanol 
Hydrogen, 
Methane 
Hydrogen, 
Methane, 
Carbon 
Monoxide 
 
The focus in the work presented here will be based upon the polymer electrolyte 
fuel cells.  PEM fuel cells work on a simple underlying premise.  Within the fuel cell, 
there are two electrodes typically made from a painted catalyst layer, which is painted on 
top of the polymer electrolyte membrane.  The catalyst layer which oxidizes the fuel to 
protons and electrons is the anode, while the electrode where the oxygen reduction 
reaction takes place is the cathode.  Conductive carbon cloth / paper is then placed on top 
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of the catalyst layer to provide electrical connection to the outer circuit as well as to 
provide a means to diffuse the fuel onto the anode catalyst.   As the fuel enters the fuel 
cell, the fuel is oxidized on the anode.  The oxidized fuel gives off proton(s) and 
electron(s).  The electrons pass back through the catalyst layer and diffusion layer and 
through an external circuit to power a device, while the proton passes through the 
polymer electrolyte membrane.  The most commonly used PEM is Nafion®.  Nafion® is 
a sulfonated polytetrafluoroethylene polymer.  This polymer is highly conductive to 
protons, which makes it ideal for fuel cell applications.  Once the proton is transported 
through the membrane, it meets up with the electron and oxidant.  The proton is then 
reduced on the cathode to produce a final product.  In the case of the hydrogen-oxygen 
fuel cell, the product is water.  If the fuel is a carbon containing species, CO2 is also 
produced at the anode as a byproduct.  A fuel cell using formic acid is illustrated in 
Figure 1.1. 
 
Figure 1.1: Schematic diagram of a formic acid – oxygen fuel cell 
HCOOH
2e-
2H+
2e-
O2
Current 
Collector
Current 
CollectorAnode 
Catalyst
Cathode 
Catalyst
Nafion®
Resistive 
Load
2H+
2H2O
Anode Reaction: FuelH+ + e-
Cathode Reaction: 4H+ + e- +O22H2O
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This figure depicts a formic acid-oxygen fuel cell.  The theoretical open circuit of 
this fuel cell is 1.45 [4].  The Formic Acid Fuel cell was developed by the Masel Group at 
the University of Illinois Urbana-Champaign in 2002[4].   
 
Table 1.2  Comparison of different fuels in a PEM fuel cell. 
 Hydrogen Methanol Formic acid 
Energy density by volume 
Energy density by weight: 
   Theoretical 
   Actual 
Power density 
Crossover 
Ideal open cell potential 
Necessary temperature for 
efficient operation 
Catalyst (anode / cathode) 
Flammability 
Danger to health 
Storage: 
   Pressure 
   Tank weight and size 
Lower (gas) 
 
Highest 
Highest 
Highest 
Moderate 
1.23 V 
Elevated, 
ambient, lower 
Pt / Pt 
Explosive 
Low 
 
Very high 
Heavy, larger 
Higher (liquid) 
 
Higher 
Lower 
Lower 
High 
1.18 V 
Elevated (>30ºC) 
 
Pt-Ru / Pt 
Moderate to high 
Moderate 
 
Atmospheric 
Light, smaller 
Higher (liquid) 
 
Lower 
Higher 
Higher 
Low 
1.45 V 
Elevated, 
ambient, lower 
Pd / Pt  
Moderate 
Low 
 
Atmospheric 
Light, smaller 
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While there are many different kinds of fuels that can be used in a PEM fuel cell, 
among the most common are hydrogen, methanol, and formic acid.  However, there are 
inherent advantages as well as disadvantages to choosing a specific fuel.  Some of those 
are listed in Table 1.2, which has been adapted from Robert Larsen’s Master’s Thesis[5]. 
Table 1.2 illustrates that formic acid and methanol are better suited for portable, 
room temperature applications, since the fuel can be easily stored in small containers.  On 
the other hand, hydrogen is better suited for large scale or higher temperature 
applications, such as cars or stationary power generators.  As hydrogen storage becomes 
safer, hydrogen fuel cells can also gain a market share for portable power applications 
such as cell phones and laptops. 
Liquid fuel cells are still limited due to the sluggish anode fuel oxidation kinetics 
compared to the cathode oxygen reduction kinetics.  Another issue that plagues the direct 
liquid fuel cells is the accumulation of strongly bound intermediates [4, 6-10].  These 
strongly bound intermediates reduce the number of active catalytic sites, which increases 
the potential of the anode.  This reduces the overall potential of the fuel cell, and thus the 
performance is drastically reduced.  This has generally been addressed for the direct 
methanol fuel cell with the use of Pt-Ru anode catalysts [9, 11-13].  The ruthenium 
attracts OH groups on the surface which help oxidize the strongly bound CO.  However, 
a suitable bifunctional catalyst has not yet been found for formic acid to eliminate CO.  It 
is likely due to the fact that the operating anode potential in a direct formic acid fuel cell 
is close to 0 V, which does not allow for appreciable OH adsorption. 
Formic acid fuel cells have still been a prevalent area of research [4, 14-52].  
There are still, however, unsolved issues with the direct formic acid fuel cells.  It is 
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necessary to keep investigating processes that occur on the anode as well as possibilities 
for other types of catalysts and their supports.  The work presented in this thesis will use 
fuel cell and electrochemical techniques to study some of the processes that occur on the 
anode of the direct formic acid fuel cell, including how Nafion® affects the accumulation 
of the strongly bound intermediate, CO, on the palladium surface.  The second topic will 
include the effects of vacuum-filtration-prepared palladium decorated carbon nanotubes 
on the oxidation of formic acid.  The last two topics discuss the effects of adding a 
second metal to the palladium surface and the effects of adding polyaniline in the catalyst 
layer. 
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Chapter 2: Background and Literature Review 
 
2.1 Fuel Cell Operation 
 
A fuel cell is a system that takes a fuel with chemical energy stored in the bonds 
and breaks it down into electrical energy by using a coupled oxidation / reduction 
reaction scheme.  This chapter is meant to give a background on fuel cells and fuel cell 
electrochemistry as well as current research that has been done to facilitate improvements 
to the direct formic acid fuel cell. 
 
2.1.1 Fuel Cell Thermodynamics 
 
From chemical thermodynamics, the Gibb’s free energy is the theoretical amount 
of energy that can be extracted from a system.  In addition, in a constant pressure, 
constant temperature system, the differential Gibb’s free energy can be equated to the 
negative value of the differential work done: 
 dGreaction = - dWelectrical.                                                         (2.1) 
Integrating both sides and noting the Gibb’s free energy is a state function, it is 
shown that the theoretical amount of electrical energy that can be extracted from a fuel 
cell is the change in the Gibb’s free energy for the overall fuel cell reaction. 
Welectrical = - ΔGreaction.                                                        (2.2) 
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The amount of electrical work can also be written as the product of the strength of the 
electrical field, in Volts, and the charge passed in coulombs.   
           Welectrical = EQ.                                                              (2.3) 
In the case of a fuel cell, the charge carrier that does the work to power the 
resistive load is the electron.  The charge can be written as a product of Farady’s 
constant, 96,485 C mol
-1
, and the number of moles of electrons passed. 
  Q = nF.                                                              (2.4) 
Upon substitution 
ΔGreaction = - nFE.                                                    (2.5) 
 For example, the theoretical voltage that can be obtained for a hydrogen oxygen 
fuel cell can be calculated by simply calculating or looking up the Gibb’s free energy 
change for the reaction, which is -237.2 kJ mol
-1
.  It should be noted that two electrons 
per hydrogen molecule are transferred during this reaction, the theoretical cell potential 
that can be achieved is 1.23 V. 
 Another, often easier way, to calculate the theoretical cell potential is to make use 
of the a table of Standard Electrode Potentials[53].  These tables tabulate the standard 
reduction potentials for many different half cell reactions.  Each of these reactions is 
referenced to the standard hydrogen reduction potential, which is set to 0.0V vs. the 
standard hydrogen electrode (SHE).  The theoretical cell potential can then be calculated 
using the following formula 
                    ΔEo=Ecathode-Eanode .                                                         (2.6)   
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However, Equation 2.5 does not account for non-unity activities for each of the 
reactants, and modifications must be made.  Using the following reaction as an example 
              .                                                (2.7)   
The Gibb’s free energy can be written as  
 dG=    
             .                                         (2.8) 
where a is the activity of species i.  The change in the Gibb’s free energy for the reaction 
can then be written as  
           
     
       
     
       
  
 
  
 
  
   
  .                    (2.9) 
Equation 2.9 can then be written more simply by equating the standard chemical potential 
with the standard change in the Gibb’s free energy 
           
  
 
  
 
  
   
  .                                       (2.10) 
Equation 2.5 can now be used to equate the Gibb’s free energy with the cell potential to 
obtain the Nernst Equation 
     
  
  
  
           
   
             
   
 .                           (2.11) 
The Nernst equation allows one to calculate the cell potential at a given 
temperature with non-unity reactant and product concentrations or activities.  The Nernst 
equation is central to fuel cell thermodynamics. 
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2.1.2 Fuel Cell Efficiencies 
 
Ultimately, a fuel cell’s main function is to provide power to a device; however, 
only a fraction of the theoretical energy available is able to be supplied to the device.  
Therefore, the efficiency of work that can be provided becomes very important.  
Qualitatively, the efficiency of a fuel cell can be expressed as  
  
          
               
 .                                           (2.12)   
The theoretical amount of work that can be extracted from the system is based upon the 
enthalpy, and from Equation 2.2, the amount of work that can be extracted from a system 
is the Gibb’s free energy.  Therefore, the efficiency of an operating fuel cell is based 
solely on two thermodynamics properties, the enthalpy and Gibb’s free energy of 
reaction.  
    
  
  
 .                                                       (2.13) 
For example, at STP, the thermodynamic efficiency of the hydrogen-oxygen fuel 
cell can be as high as 83% [54].  Two other efficiencies also play a role in the operation 
of a fuel cell.  The first is the voltage efficiency.  This is the ratio of the operating voltage 
to the theoretical reversible voltage.  As a fuel cell begins to draw more current, which in 
turn lowers the voltage, the fuel cell becomes less efficient due to kinetic losses.  In 
addition, there is fuel efficiency.  This is the ratio of the amount of fuel oxidized to the 
amount actually fed to the fuel cell.  If, for example, an overwhelming amount of fuel is 
sent into the fuel cell, some of it will likely remain un-reacted and is wasted.     
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Therefore, the overall efficiency of the fuel cell is the product of the thermal efficiency, 
the fuel efficiency and the voltage efficiency. 
                      .                                        (2.14)    
  Another intrinsic benefit of fuel cells is that they are not limited by the Carnot 
efficiency, which operates between two heat reservoirs.  This implies that at normal 
temperatures, the fuel cell can maintain a higher efficiency than a Carnot type engine.  
Only at much higher temperatures does the Carnot efficiency show higher efficiencies 
than a fuel cell. 
 
2.1.3 Fuel Cell Performance Losses  
 
Chapter 1 gave a brief description of how a fuel cell operates.  If one were to 
operate a fuel cell by stepping down the voltage from its open circuit value to its short 
circuit value, one would obtain a VI (or polarization) curve.  Such a curve is illustrated in 
Fig. 2.1. 
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Figure 2.1: Schematic of typical VI curve for a fuel cell showing the different regions 
where the three main losses dominate. 
 
At low currents an activation polarization exists, which is the energy required, in 
Volts, to overcome kinetic reaction barriers.  As shown in the kinetic region of Fig. 2.1, 
this can be quite a reduction in cell potential.  The difference between the theoretical and 
actual cell potentials is called the overpotential, η, and can be determined from the Tafel 
equation 
         
 
  
   ,    (2.15) 
where i is  current, io is the exchange current, and A is the slope of the Tafel plot and is 
defined by: 
    
  
   
,             (2.16) 
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where R is the gas constant, T is the temperature, and α is the electron transfer coefficient.  
The value of α depends on the shape of the energy diagram for the reaction.  In many 
cases, however, α takes on a value of close to 0.5 [55].  
The value of the exchange current, which is the current at equilibrium, can vary 
by several orders of magnitude based on the electrode material chosen, and it can have a 
significant impact on the activation overpotential.  The value of the exchange current 
density can vary from 10
-3
 A/cm
2
 for Pt down to 10
-12
 A/cm
2
 for Cd [56-58].  Within an 
operating fuel cell, there are several kinetic losses that can occur.  For example, in a 
hydrogen fuel cell losses occur on the cathode, since the oxygen reduction reaction is 
more sluggish than the hydrogen oxidation reaction.  However, in a liquid fuel cell, the 
opposite is true.  The anode kinetics are often more sluggish than the cathode kinetics. 
The next region of the VI curve that is important is the resistive or Ohmic region 
of the VI curve.  There are two main resistances that affect the performance of the fuel 
cell.  The first is the resistance of the membrane i.e. proton conduction, and the second is 
the charge transfer resistance i.e. the transfer of the electron from the catalyst layer to the 
device that is being powered.  This portion of the polarization curve is linear, which can 
often be modeled by the simple Ohm’s Law 
   V = IR.                                                             (2.17) 
  The resistance of the membrane will be discussed first.  The typical membrane 
that is used in an acid polymer electrolyte fuel cell is Nafion®.  The chemical structure of 
Nafion® can be found in Fig. 2.2 [59]. 
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Figure 2.2: Chemical structure of Nafion® monomer, the most common polymer 
electrolyte membrane used in acidic fuel cells. 
 
Nafion® has two distinctive regions.  The backbone is a Teflon-like structure 
with hydrophobic properties.  Because of the strong carbon-fluorine bonds, the 
membrane is fairly chemically resistant [60].   Along the side branches of the polymer are 
sulfonate (SO3
-
) groups, which act as the moieties for proton transfer.  Because of the net 
negative charge on the sulfonate group and the positive charge on the proton, there is a 
mutual attraction between the proton and sulfonate moiety.    
With the dual hydrophobic / hydrophilic nature of Nafion®, the hydrophilic 
portions tend to cluster together to form a pore network.  This is the route that the proton 
travels during the operation of the fuel cell.  Water content within the membrane plays a 
major role on the conductivity[61].  In fact, there can be as many as 22 water molecules 
associated with each sulfonate moiety[2].  These water molecules are the basis for proton 
conduction in Nafion®.  There are, however, two conflicting mechanisms that explain 
how the proton is transferred through the pore network[62].  The first mechanism is the 
oldest mechanism, called the Grotthuss Mechanism[63, 64].  The Grotthuss mechanism 
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suggests that there exists a network of hydrogen bonded water molecules.  As the proton 
enters the membrane, it hydrogen bonds to one of the associated water molecules, and 
these water molecules can rotate themselves allowing the proton to be transferred down 
this chain.  This implies that the water molecules themselves do not move in the polymer 
network.  The other suggested mechanism is the vehicle mechanism[65].  This 
mechanism suggests that the proton bonds to a water molecule and diffuses on the water 
molecule down the pore.  Although there is no conclusion as to which is correct, it is 
likely a combination of both. 
The other mechanism is that of charge transfer.  This is the resistance of the 
electron being able to leave the catalyst layer and travel through the current collector to 
the device that is running.  This resistance is typically unimportant and fuel cell 
resistance is often a function of electrolyte resistance[2].  If one were to see a large slope 
in the Ohmic region of the fuel cell, this could be indicative of membrane dry out.  As 
was discussed, water / humidity is very important for good proton conduction.  Typically 
increasing the humidity of the inlet gasses can help keep the membrane humidified.  
Problems with resistance are often a combination of these effects.  For instance, if 
adhesion problems with the catalyst layer exist, there may be interfacial resistances for 
the proton to leave the catalyst layer and enter the Nafion® membrane.  This is the reason 
that a Nafion® solution must be added to the catalyst ink. 
The high current density region of the polarization curve is the mass transfer 
limited region.  This is the region of the curve where diffusional effects start to hinder the 
performance of the fuel cell.  Essentially what is happening in this region is that there is 
not enough fuel being delivered to the catalyst surface.  This can be caused by a couple of 
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factors.  The first is that there is simply not enough fuel being supplied to the fuel cell to 
satisfy the current requirement.  The second is that either there is a diffusion layer (either 
conductive carbon cloth or carbon paper) which is not allowing the fuel to reach the 
catalyst surface.  In the case of the fuel cells that will be discussed in this work, mass 
transfer effects come into play when the fuel needs to diffuse through the catalyst layer.  
This is essentially just a case of diffusion through a porous media.  Information regarding 
this type of diffusion can be found in Froment’s Chemical Reactor Analysis and 
Design[66]. 
Lastly, fuel crossover is another source of performance loss which causes the 
open circuit potential to be lower than the theoretical value.  While crossover does exist 
in the hydrogen fuel cell, it is more prevalent in liquid based fuel cells such as the DMFC 
and the DFAFC.  Methanol mixes very well with water, and it can easily be dragged 
through the membrane due to electro-osmotic drag [55, 60].  The fuel is dragged from the 
anode to the cathode where it is instantly oxidized due to the high potential of the 
cathode.  This dual reaction on the cathode induces a mixed potential, which can 
drastically bring down the potential of the cathode.  Crossover of methanol and formic 
acid will be discussed in greater detail later in this chapter. 
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2.2 Polymer Electrolyte Membrane Fuel Cells  
 
2.2.1 Hydrogen Fuel Cells  
 
The polymer electrolyte fuel cell uses a polymer based ion exchange membrane to 
transfer protons from the anode to the cathode.  The hydrogen / oxygen or hydrogen / air 
fuel cell is one of the most common PEM fuel cells, and it has many intrinsic advantages.  
The hydrogen fuel cell can maintain long-term stable performance with minimal losses, 
and therefore has been investigated for uses ranging from stationary power, transportation 
in cars and busses as well as millimeter scale battery replacements[67].  However, large 
scale applications require the storage of hydrogen.  To date, the most common method for 
this is large pressurized tanks.  However, new research is being done to safely store 
hydrogen for transportation purposes.  Catalyst costs are also a major draw-back for the 
hydrogen fuel cell.  Platinum catalysts are used for both the anode and cathode, which is 
rather expensive.  While proton exchange membrane costs are also high, they are 
required for all types of fuel cells—hydrogen or direct liquid fuel cells.  
 
2.2.2 Formic Acid versus Methanol as a Fuel Choice 
 
The next question that needs to be answered is whether formic acid is a better fuel 
for fuel cells than methanol.  There are several reasons why formic acid is a better fuel 
than methanol.  Since many liquid fuel cell applications will be used as battery 
replacements in small scale electronic devices, the fuel choice needs to be safe for the 
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average consumer.  Formic acid is commonly found in the environment and is produced 
by ants [68].  In addition formic acid is not as toxic as methanol and has been used in the 
production of packing materials for foods[69, 70].  The second is the open circuit 
potential.  The theoretical open circuit of the formic acid fuel cell is 1.45 V[4] compared 
to 1.21 V for the methanol fuel cell[71].  Both formic acid and methanol have an 
activation overpotential of about 0.5V, which leads to the observed open circuit potentials 
of 0.95 V and 0.6-0.7V for formic acid and methanol, respectively[18, 71].  This allows 
for a larger potential range for the formic acid fuel cell to operate over compared to the 
methanol fuel cell.  In addition, a device that requires, for example, 2.5 V to operate, 
would only require three formic acid fuel cells compared to four to five methanol fuel 
cells stacked together.    
 
2.2.3 Reaction Mechanism 
 
The second reason that formic acid is a better fuel than methanol is based upon 
the reaction mechanism for fuel oxidation.  For formic acid there are three proposed 
pathways for the oxidation of formic acid on a platinum or palladium surface [4, 6-10].  
These are shown in Fig. 2.3.  The first pathway through which the formic acid can be 
oxidized is through a CO intermediate   
HCOOH + Pt
0
  Pt–CO + H2O,  (2.18) 
Pt
0
 + H2O  Pt–OH + H
+
 + e
-
 , (2.19) 
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Pt–CO + Pt–OH  2Pt0 + CO2 + 2H
+
 + 2e
-
 ,               (2.20) 
Overall: HCOOH  CO2 + 2H
+ 
+ 2e
- 
.
                                                        
(2.21) 
 
 
 
 
Figure 2.3: The triple pathway for formic acid oxidation.  The top pathway is the 
dehydration pathway.  The second and third pathways are the direct pathways.  
 
This first pathway is much less desirable due to the CO intermediate.  This CO 
intermediate then needs OH radicals to help with the oxidation.  However, in the potential 
ranges of interest, OH groups are not easily adsorbed onto the surface[4].  The second 
and third pathways are the more direct pathways, which oxidizes formic acid to CO2, 
through a reactive intermediate, protons and electrons.  This reaction is shown in 
equation 2.22 
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                HCOOH + Pt  X  CO2 + 2H
+ 
+ 2e
- 
.                           (2.22) 
The third pathway occurs at a potential that is much greater than is practical for 
fuel cell studies [72]. 
When the DFAFCs were being developed, the catalyst chosen was platinum, 
because Pt was commonly used for dehydrogenation.  However, platinum poisoned 
readily, and therefore proved to not be the best catalyst choice for the DFAFC.  At the 
same time, methanol fuel cells were being developed, and Pt-Ru showed promise as a 
catalyst, which allowed the CO to be oxidized from the surface [73].  A platinum-
ruthenium catalyst works via a bi-functional mechanism.  Ruthenium adsorbs hydroxyls 
at the surface at lower potentials than platinum (0.3 V for ruthenium and 0.6 V for 
platinum) [74].  The adsorbed hydroxyls are able to migrate to the strongly bound Pt-CO 
and allows for the oxidation of CO from the surface.  These reactions are shown in Eq. 
2.23-2.24 [11, 75-78] 
  Ru
0
 + H2O  Ru-OH + H
+
 + e
-
,    (2.23) 
  Pt-CO + Ru-OH  Pt0 + Ru0 + CO2 + H
+
 + e
-
.  (2.24) 
It was later discovered that the addition of palladium to the surface of a platinum 
electrode helped enhance the oxidation current and reduce the effects of CO poisoning 
[79, 80].  
While platinum was a common catalyst choice for the hydrogen fuel cell, it had 
many drawbacks such as rapid poisoning for the DFAFC.  It was then discovered that 
high surface area palladium catalysts follow primarily the direct oxidation route as 
illustrated in Eq. 2.22 [7, 35, 81-83].  Larsen et al, found that the use of a palladium black 
catalyst increased the performance of the fuel cell from 50 mW/cm
2 
[4] to 260 
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mW/cm
2
[18].  Palladium still does suffer from rapid poisoning during long term formic 
acid oxidation.  However, following a regeneration step, which involves oxidizing the 
CO from the surface, full fuel cell performance is regained [16-18, 42, 44].    
It is not well understood why CO accumulation on palladium occurs, however, 
there are several hypotheses.  The first hypothesis states that the presence of Nafion® in 
the catalyst ink enhances the formation of CO on the palladium surface.  Gates et al 
found that when using a polystyrene sulfonic acid catalyst, formic acid was completely 
dehydrated to CO.  This was verified via gas chromatography [84].  The carbon 
monoxide can then migrate from the Nafion® to the palladium sites where it remains 
strongly bound to the surface.  In addition to chemistry occurring within the Nafion®, the 
Nafion® could be causing steps to form on the palladium surface [85, 86].  These steps 
could be of a certain energy which allow for the dehydration pathway [87-89].  Yet 
another source of possible CO formation is impurities within the formic acid itself.  There 
have been studies, which show that there can be traces of different formats in the 
solution, which can be oxidized to CO or another strongly bound intermediate.  Pan et al. 
corroborated these results; however, there are other adsorbed species on the surface that 
can act like a poison such as COOHads[90].  Purification of formic acid decreases the 
amount of CO formation; however, it does not completely eliminate it [16-18, 42, 44, 
50]. 
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2.2.4 Fuel Crossover and Concentration Effects 
 
The third reason that formic acid is a better fuel than methanol is that there are 
concentration and crossover effects.  The concentration effects are a consequence of 
crossover; therefore, crossover will be discussed first. 
Electroosmotic drag is the phenomenon that causes fuel crossover[55, 60].  As 
water is transported through the membrane it can pull fuel molecules along with it.  This 
will drag the fuel molecules from the anode to the cathode.  They are then 
instantaneously oxidized on the cathode.  This can lower the potential of the cathode as 
well as decrease the percent fuel utilization.  It can also poison the catalyst on the 
cathode.  
Rhee et al. determined the flux of formic acid through Nafion® membranes using 
a diffusion cell.  The reason they chose to work in this way was to eliminate the 
complications of electric gradients, reactions on catalyst surfaces and CO2 crossover.  For 
N117 they determined the flux to be 17.0 ± 1.2 x 10
-8
 mol/cm
2
 s for 20 M formic acid 
[91].  It was roughly 18.6 x 10
-8
 mol/cm
2
 s for 10 M formic acid.  Rhee speculates that 
the concentrated formic acid dehydrates a thin layer near the membrane surface, which 
lowers the diffusion.  Wang et al. did the crossover experiments using an electrochemical 
set up and found that the apparent diffusion coefficient for formic acid was a factor of 
two less than that of methanol [92].  Jeong also did experiments to determine the 
crossover of formic acid.  They analyzed the exhaust stream for CO2 content.  They 
determined that the crossover of formic acid at 10 M concentrations was around 6 times 
less than that of methanol at the same concentration [93].  Even at low concentrations of 
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about 2 M, formic acid still has the advantage of roughly 3 times less crossover than 
methanol.  Although the CO2 / GC method is not the most accurate method for 
determining crossover, it still gives a representative data set that can be compared.  
Arguments say that CO2 can crossover from the anode to the cathode to make the signal 
artificially high [94].  Fuel crossover is one of the main factors that hinders the use of 
methanol in commercial fuel cells [71, 95-99]. 
Although the intrinsic energy content of the formic acid fuel cell is lower than the 
methanol fuel cell (2 electrons for formic acid and 6 electrons for methanol), because of 
the crossover, formic acid can be used at much higher concentrations [35].  The suspected 
reason that formic acid has a smaller crossover rate than methanol is due to the ions it 
forms when dissociated.    In solution, formic acid forms a proton and the formate ion, 
HCOO
-
.  Bath et al. found that anions travel through Nafion® at a much slower rate than 
cations [100].  Methanol, however, in solution can form the methoxonium cation, 
CH3OH2
+ 
[101, 102].  Rhee also claims that this cannot be the only effect.  Concentrated 
formic acid is very hydrophilic and is probably drawing water away from the membrane, 
limiting the amount of formic acid that can be drawn into the membrane [91]. 
 Typical formic acid fuel cells are operated at high formic acid concentrations 
(50-88%) and can be run in a passive mode with oxygen from ambient air diffusing to the 
cathode.  The anode kinetics are rather sluggish, especially in comparison to the cathode 
kinetics, and the most significant losses are found at the anode.  Initially, however, there 
is a large over potential on the cathode during start-up.  
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2.3 Half Cell Electrochemistry 
 
 It is often necessary to study individual parts of a fuel cell to gain better 
understanding of the phenomena taking place.  Therefore, sometimes it is useful, and 
many times necessary, to study electrochemical reactions using half cell electrochemistry 
by means of a standard three electrode cell.  
 
2.3.1 Electrochemical Cells 
 
 In order to study many of the half reactions of a fuel cell, it is necessary to make 
use of an electro chemical cell.  This allows one to isolate the phenomena that are 
occurring on a specific electrode such as interfacial phenomena, kinetics and so on.  
Since liquid based fuel cells suffer from losses mainly attributed to the anode, these are 
the reactions that are often studied in the electrochemical cell [52, 103]. 
 An electrochemical cell typically makes use of three different electrodes.  The 
first is the working electrode.  This is the electrode where the reaction of interest occurs.  
The second electrode is the counter electrode.  This electrode facilitates current to flow 
from the working electrode to complete the circuit.  It can, often times, be any convenient 
one, since it does not affect the reaction of interest [55].  When studying formic acid 
oxidation, the counter electrode is often made from a platinum mesh.  The last electrode 
is the reference electrode.  A reference electrode is an electrode that can maintain a 
specific potential even if some current is passed through the electrode.  It should 
approach ideal non-polarizability.  The reference electrode is placed as close to the 
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working electrode via a Luggin capillary to reduce resistance from the electrolyte.  The 
choice of reference electrode depends upon many factors.  However, for the studies of 
this work, a silver / silver chloride / saturated potassium chloride reference electrode was 
chosen.  The Ag/AgCl/sat’d KCl reference electrode is a commonly used reference 
electrode for aqueous electrochemistry.  It is often, however, referenced back to the 
reversible hydrogen electrode (RHE).  This reference is based upon the solution actually 
used and not on a solution with a proton activity of 1, which would be the standard 
hydrogen electrode (SHE).  A method for converting from the Ag/AgCl reference 
electrode to RHE is given in Appendix  G. 
 
2.3.2 Cyclic Voltammetry 
 
  The field of electrochemistry is an interfacial science, and therefore studies the 
interaction between a surface and its surroundings.  In the case of fuel cells, it is often the 
electrode surface interacting with a fuel.  One of the most common methods for studying 
a catalyst surface is the technique of cyclic voltammetry.  Cyclic voltammetry works by 
first scanning a potential linearly in one direction and then reversing the scan to sweep 
back the opposite direction.  A plot of current versus time is shown in Fig. 2.4. 
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Figure 2.4.    This figure shows the cyclic voltammetric waveform, in which potential is 
scanned to E and returned to the original potential in a linear fashion. 
 
The data is then plotted as measured current versus potential, and a typical cyclic 
voltammogram is shown in Fig. 2.5. 
 
 
 
 
Figure 2.5.    A typical cyclic voltammogram using the potential wave form from Fig. 
2.4. 
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Cyclic voltammetry can be used to obtain both quantitative and qualitative results.  
A cyclic voltammogram can elucidate the cleanliness of a surface.  If oxides or other 
species are present on the surface of the catalyst, one might observe additional peaks or 
the suppression of expected peaks.  Qualitatively, a cyclic voltammogram can be used to 
determine the potential dependence for catalyst reduction and oxidation as well as fuel 
oxidation or reduction.  The CV can also be used to determine the electrochemical 
surface area. This is the surface of the catalyst available to execute the electrochemical 
reaction, which is often different from the actual surface area of the catalyst.  Since most 
of the experiments of this work deal with a palladium catalyst, the cyclic voltammogram 
in 0.1 M sulfuric acid electrolyte is shown in Fig. 2.6.  
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Figure 2.6.    A cyclic voltammogram of palladium black high surface area catalyst in 
 0.1 M sulfuric acid: scan rate 5 mV s
-1
.  Protons interact with the catalyst surface in the 
hydrogen region.  They adsorb in the negative going scan and desorb in the positive 
going scan.  At the higher potentials, oxygen containing species, thought to be hydroxyls, 
interact and oxidize the catalyst surface.  The surface is then reduced in the negative 
going scan.     
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When a palladium electrode is scanned in a proton containing electrolyte, protons 
can begin to interact with the surface in the hydrogen region.  Protons begin to adsorb to 
the surface during the cathodic sweep.  Upon reversal, the protons desorb during the 
anodic scan.  Between the hydrogen and oxygen regions of the cyclic voltammogram is 
the double layer charging region.  In this region, non-faradaic processes are occurring.  
That is, ions from the solution are arranging themselves with the metal surface.  
Therefore a minimal double layer charging current is observed.  This non-zero charging 
current exists due to a surface area effect.  Since nanoparticles exhibit much higher 
surface areas than their single crystal counterparts, they exhibit a higher charging current 
in the double layer region.  In the oxygen region, hydroxides in the solutions interact with 
the surface to start to oxidize during the anodic scan.  During the cathodic scan, they are 
reduced from the surface. 
 As stated above, a cyclic voltammogram can be used to calculate the 
electrochemical surface area of a high surface area nanoparticle catalyst.  Several 
cleaning scans are often performed first to remove any contaminants from the surface.  
One can then integrate the area under the hydrogen peaks minus the area under the 
electric double layer to determine the electrochemical surface area.  This is based upon 
the relationship 210 C cm-2.  Since CO does accumulate on the surface, one can also 
integrate the CO peak and subtract the oxidation region of the cyclic voltammogram to 
determine the amount of CO present on the surface using 420 C cm-2.  It is widely 
accepted that both platinum and palladium can be characterized in this manner [79, 104-
108].  
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 Cyclic voltammetry can also be used to determine where a specific species in the 
solution is oxidized.  For example, it can be used to determine the oxidation behavior of a 
fuel on a specific catalyst.  From the CV scan, the onset potential from oxidation can be 
observed where the current crosses from negative to positive.  In addition, the behavior of 
the catalyst can be observed in that fuel.  For example, one can observe the potential 
window over which fuel oxidation or reduction occurs as well as where catalyst oxidation 
or reduction occurs.      
  
2.3.3 Steady State  
 
While transient oxidation data can be useful as a starting point for studying a 
specific catalyst or reaction, long-term, steady state studies are also necessary to 
understand the effects that may happen during long operation times. 
When using an electrochemical cell, this can be accomplished by stepping the 
potential from the open circuit value to a value where the fuel oxidation occurs.  If there 
is no convection in the system, the system will be diffusion limited and governed by the 
Cottrell equation.  Equation 2.25 gives the relation for the current versus time behavior of 
the system. 
     
      
   
  
 
        
,      (2.25) 
where A is the area of the electrode, Do is the diffusion coefficient of the oxidized 
species, and Co
*
 is the bulk concentration of the  species to be oxidized.  The Cottrell 
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equation predicts that the current will eventually rise until the system is limited by 
diffusion of the fuel to the catalyst surface.  This is known as the limiting current.    
  
2.3.4 Hydrodynamic Methods 
 
In order to directly characterize the electrode kinetics, hydrodynamic methods 
should be used in order to eliminate the diffusion control.  Using a rotating disk electrode 
(RDE) will eliminate the diffusion control of the reaction and leave the reaction 
kinetically limited.   When an RDE is used, the current obtained is proportional to the 
square root of the rotation speed in RPM.  This is the Koutecky-Levich equation.    
  
 
 
 
 
  
 
 
         
   
           
 
,    (2.26) 
 where iK is the current in the absence of mass transport effects, and v is the scan rate.  A  
Koutecky-Levich plot has a linear region where mass transport is controlled by the RDE, 
and the extrapolated intercept of this region at ω-1/2 = 0 gives iK
-1
.  Comparison of iK at 
different reaction potentials can provide kinetic information about the reaction.  When 
employing an RDE, the rotation speed is chosen within this linear region of the plot, 
which is typically not beyond the practical bounds of 100 and 10,000 rpm [55].  At a 
sufficiently high rotation rate, turbulent flow begins to occur, which complicates the 
analysis. 
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2.3.5 Current-Overpotential Relationship 
 
Equation 2.27 shows the current-overpotential relationship.  It equates the 
observed current with the change in the overpotential—or how from the equilibrium 
potential the system must be driven to observe a current. 
       
       
  
  
     
       
  
  
        ,   (2.27) 
The subscripts O and R refer to the species oxidized or reduced, respectively, α represents 
the symmetry of the reaction free energy diagram, and the overpotential, η, is E – Eeq, the 
difference between the applied potential and the equilibrium potential, and io, the 
exchange current, is directly proportional to the rate constant, ko, according to: 
              
   
      
  
  .     (2.28) 
If mass transfer effects are minimized, then the surface concentration is approximately 
equal to the bulk concentration, and Equation 2.27 can be reduced to Equation 2.29 
      
              .     (2.29) 
This is known as the Butler-Volmer equation.  At large overpotentials, Tafel behavior is 
observed whereby the current-potential relationship is logarithmic, according to the 
following relationship: 
                    i = -ioe
(1-α)Fη
.      (2.30) 
When the equation is rearranged and the log of the current is plotted versus the 
overpotential: 
  η = a + b log(i)      (2.31) 
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The linear region of this plot identifies the Tafel slope, from which kinetic parameters 
can be obtained.  A much more detailed discussion of these concepts can be found in 
Bard and Faulkner’s Electrochemical Methods: Fundamentals and Applications, Wiley, 
2002.   
 
2.4 Nafion® Content and its Effects 
 
Proton conductivity is mainly attributed to the proton exchange membrane within 
the fuel cell.  However, there must be an adequate dispersion of Nafion® ionomer within 
the catalyst layer present to ensure good conductivity to the membrane.  Passalacqua et 
al. studied the distribution of Nafion® and the effects on structure and performance of the 
catalyst layer for hydrogen fuel cells[109, 110].  Passalacqua et al. used an illustrative 
figure to explain why the optimum Nafion® loading is at neither extreme of Nafion® 
loadings.  At very low Nafion® loadings there may be poor proton conduction through 
the catalyst layer, and there may be low adhesion to the PEM.  On the other hand, at high 
Nafion® loadings, there is poor electrical connection between the catalyst particles, and 
the electron has a difficult time leaving the catalyst layer.  While this study was for the 
hydrogen fuel cell, the qualitative results can still be generally applied to liquid fuel cells.   
However, the structure of the anode must be different in a liquid fuel cell.  There 
are two reasons why liquid fuel cells must have a different anode structure.  The first 
reason is the need for the fuel to wet the surface of the catalyst.  The second is that while 
fuel must wet the surface and internal pore structure, there must be adequate room for 
gaseous products to be removed—CO2 for the case of methanol and formic acid 
35 
 
oxidation [31, 111, 112].  Shin found that colloidal Nafion® produced the best fuel cell 
results.  This was because the Nafion® did not block the pores within the catalyst layer 
[113].  Tucker showed that a higher pore volume improves the performance of a direct 
methanol fuel cell (DMFC ) [114].    This is likely achieved at lower Nafion® loadings, 
since Poltarzewski showed that at higher Nafion® loadings films were observed on the   
surface [115].  These films would not allow for adequate infusion of the liquid fuel and 
removal of the gaseous products.  
It was shown by Boyer et al. that the proton conductivity of a catalyst layer 
prepared with Nafion® solution is directly proportional to the volume fraction of 
Nafion® within the catalyst layer[116].  Chenitz and Dodelet found that equal volumes of 
Nafion® and palladium gave the best performance in the DFAFC[117].  However, 
Thomas et al. found that there are benefits to having lower Nafion® loadings in the 
catalyst layer.  They hypothesized that the lower Nafion® loading decreases the thickness 
of the catalyst layer, which could then allow more catalyst particles to come in contact 
with the membrane for adequate proton conduction, which would even be enhanced after 
hot pressing[118].  McGovern et al. found that, upon the addition of Nafion® to the 
surface, the surface areas were suppressed during cyclic voltammetry[119].  The general 
shape of the CV did not change; however, there was an overall reduction in peak 
currents.  It was determined that Nafion® reduces apparent surface area as well as formic 
acid oxidation current by blocking electrochemically active catalyst sites.  Kang et al. 
studied how Nafion® aggregates and processing temperature affected the performance of 
the fuel cell.  The main conclusion from their work was that smaller Nafion® aggregates 
show better catalyst utilization and thus better fuel cell performance.   
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Nafion® is, however, a necessary binder for the anodes and cathodes of fuel cells.  
It is also a strong acid, which can catalyze the dehydration of small organic molecules 
such as formic acid.  In fact, Gates and Schwab published work which studied the 
dehydration of formic acid using polystyrene sulfonic acid [120].  Gates found that the 
polystyrene sulfonic acid could catalyze the dehydration of formic acid directly to CO 
with no traces of CO2.  This was verified using gas chromatography.  Since Nafion® is 
similar to polystyrene sulfonic acid, it too may catalyze the dehydration of formic acid to 
CO.  In addition it has been shown that using 5 M formic acid, no appreciable amounts of 
CO at 0.3 V vs. RHE accumulate on a palladium surface compared to platinum at the 
same conditions after 1 hour [18]. 
 
2.5 Effects of Carbon Nanotubes on Palladium Electrocatalysis 
 
Carbon nanotubes are considered a novel nanomaterial with unique physical, 
chemical, and electronic properties.  Carbon nanotubes are essentially a rolled up cylinder 
of graphene along a (m,n) lattice vector.  This (m,n) lattice vector determines the chirality 
of the nanotubes as well as the diameter [121].  Depending upon the chirality of the 
nanotube, single walled nanotubes can be metallic or semiconductors.  Carbon nanotubes 
have been used for a wide range of applications, including novel nanodevices, tips for 
atomic force microscopy and scanning microscopy, quantum wires, sensors and catalyst 
supports [122-126]. 
Catalyst modifications for fuel cell electrocatalysis have been a hot topic recently.  
These modifications are aimed to improve electrode kinetics as well as reduce poisoning.  
37 
 
Much of the work for formic acid has focused on modifying a palladium catalyst with 
another metal via many different techniques, however, work done at the University of 
Illinois focused on under potential deposition [127-134].  However, even changing the 
support can have positive effects on fuel cell performance.  Carbon nanotubes have been 
touted as an excellent support for catalysts in fuel cell applications.  When carbon 
nanotubes are used, synergistic interactions between the catalyst particles and the carbon 
nanostructure can produce better catalytic properties than other carbonaceous materials.  
They also have high surface areas as well as high electrical conductivity and chemical 
resistance [135-147].  It is also known that when using activated carbons, the carbons can 
have interactions with the deposited metal and the fuel [148].  In oxidizing environments, 
the carbon support can be oxidized to form CO, which can then poison the catalyst.   
Previously, there have been several metals that have been deposited onto carbon 
nanotubes, including Au, Ti, Ni, Pd, Al, Fe, Pb and Pt [149-155].  However, palladium 
and platinum catalyst are the most common for the oxidation of formic acid.  There have 
been several studies of decorating carbon nanotubes for formic acid oxidation.  
 Selvaraj et al. investigated Pt and Pt-Pd decorated single wall carbon nanotubes 
for formic acid oxidation [156].  The particles were prepared on acid treated carbon 
nanotubes via typical catalyst reduction methods.  They determined that the particle sizes 
were approximately 3 nm.  They found that when Pt was supported on a carbon nanotube, 
the current density for formic acid oxidation increased by a factor of 2 compared to 
carbon supported Pt.  In addition, when Pt-Pd was supported on a carbon nanotube, the 
increase in current compared to Pt supported on carbon was increased by a factor of four.  
This was attributed to the electrical properties of the carbon nanotube as well as the 
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surface area as a means to efficiently disperse the catalyst on the surface.  In addition, due 
to the fact that the nanotubes are hollow and the catalyst can also deposit on the inside of 
the nanotube, this can increase the amount of catalyst that can be supported.  It is also 
reported that after 500 cycles the catalysts are able to maintain nearly 95% of their 
original oxidation current.  However, the concentration of the solution was very low and 
did not represent fuel cell conditions.   
Hu studied palladium supported on untreated carbon nanotubes [157].  Instead of 
the carboxylic acid group acting as an anchor for the metal particles, Hu used a glutamate 
to help anchor the palladium onto the surface of the multi-walled carbon nanotube. The 
results show that the peak current densities for formic acid oxidation are similar for both 
the glutamate treated system and the acid treated system.  However, Hu does not compare 
these results to typical commercially available palladium.  Therefore, caution must be 
used when interpreting these results. 
Mikolajczuk studied the effects of palladium supported on multi walled carbon 
nanotubes via the polyol synthesis [158, 159].  The catalysts were tested in a fuel cell 
using 3 M formic acid and oxygen.  The Pd MWNTs show roughly a factor of 3 
improvement over Pt-Ru Vulcan catalysts.  However, these catalysts were not compared 
to commercially available palladium.  Morales-Acosta also studied the effects of 
palladium supported on carbon nanotubes for use in a microfluidic fuel cell [160].  Their 
results show roughly a 15% improvement over typical carbon supported palladium.  The 
results are attributed to the electrical properties of the carbon nanotubes as well as their 
ability to disperse the palladium on the surface.   
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It is also possible to use a carbon nanotube to support bimetallic systems.  Gold is 
a common co-catalyst for formic acid oxidation.  It has been shown that enhanced formic 
acid oxidation current is observed when using carbon nanotube supported Pd-Au[159, 
161-163].  In addition to the beneficial electronic properties of the carbon nanotubes, the 
admetals also have an effect of shifting palladium’s binding energy of the d band 
electrons.  The addition of gold to the catalyst layer has shown a shift in the binding 
energy of palladium, which in turn increases its catalytic activity.   Therefore, carbon 
nanotubes could increase the catalytic activity of previously reported bimetallic catalyst 
systems.    
Palladium wrapped nanotubes have also been reported[164].  Improvements were 
shown for formic acid oxidation when compared to carbon supported palladium.  During 
anode polarization, roughly a factor of two increase in formic acid oxidation current was 
reported.    They also claim that the wrapped nature of the palladium and palladium-
platinum system reduces the oxophilicity, which in turn can reduce CO accumulation on 
the surface.  In this work, palladium wrapped nanotubes are not compared to 
commercially available palladium black catalysts, which is the standard for formic acid 
oxidation.   
This comparison is absent in most of the literature.  While they compare their 
carbon nanotube catalysts to carbon supported catalysts, which may in fact perform better 
than palladium black, the comparison to commercially available palladium is not made.     
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2.6 Polymer Additions to Catalyst Layers for Formic Acid Oxidation 
 
 
Electron-conducting polymers result in conjugated π systems, which are obtained 
during the electro-polymerization of monomers containing double bonds.  As examples 
these are chemicals that contain an aromatic ring or a furanoic ring.  The polymerized 
materials result in a quasi-metallic state, which can have relatively high conductivities in 
the range of a few thousand S cm
-1
 [165].  In addition, many electron-conducting 
polymers are stable in acidic media, which is why they were touted as supports for 
nanoparticles for electrochemical reactions.   
The use of cyclic voltammetry can be used to monitor the growth of an electron-
conducting polymer.  The cyclic voltammogram can also be used to estimate the film 
thickness of the resulting polymer deposition.  When depositing an electron conducting 
polymer onto an inert substance, the oxidation and reduction peaks of the polymerization 
voltammogram will continuously increase.  The film thickness can then be evaluated 
from the maximum current density (either the anodic or cathodic peak) or from the total 
charge passed during the polymerization.   
Polyaniline, one of the intensively investigated organic polymers, emerges 
originally as an electrically conducting polymer.  It is now considered one of the most 
promising catalyst supports because of its high electrical conductivity, relatively benign 
environmental effect, highly accessible surface area, high chemical stability, and 
comparatively low cost. 
Stilwell gave empirical relationships for the thickness of polyaniline films[166] 
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 d(um)=(0.059 ±0.007) j peak (mA cm
-2
) + (0.04 ±0.09),                (2.32) 
d(um)=(7.2 ±1.5) Q anodic (C cm
-2
) - (0.08 ±0.16).                     (2.33)  
One of the first molecules studied on an electron-conducting-polymer-modified 
electrode was formic acid by Gholamian et al [167].  They added a polyaniline film to a 
smooth platinum foil electrode.  Then 0.1 mg cm
-2
 was reduced onto the surface of the 
polyaniline film.  This modification enhanced the rate of formic acid oxidation by a 
factor of 10.  Gholamian also found for his studies that an optimal film thickness of one 
micron gave the best enhancements.  
Laborde investigated polyaniline electrodes for the oxidation of both methanol 
and formic acid[168, 169].  While methanol seemed to be the focus of the study, he did 
report improvements for formic acid oxidation.  Laborde also investigated platinum 
loading on the polyaniline film for methanol oxidation.  He reported that higher loadings 
(up to ~80 micrograms cm
-2
) increased the methanol oxidation current.  However, this 
increase in oxidation current is likely a surface area effect, since more particles on the 
surface will add more surface area, which in turn will increase the oxidation rate. 
Napporn investigated polyaniline-modified electrodes by first depositing a 0.5 
micron thick layer of polyaniline onto a gold electrode[170].  He then inserted metal 
particles on the surface via electro-reduction of metal salts.  Napporn noticed that a 
polyaniline Pt-Sn catalyst showed improvements and nearly a 100 mV shift in the onset 
potential.  However, tin will dissolve in formic acid and is therefore not stable. 
There have also been several other studies focusing on polyaniline-film-
supported-palladium catalysts for formic acid oxidation[171-176].  Each of the reports 
indicates an increase in the formic acid oxidation current due to the ability of the 
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polyaniline film to properly disperse the palladium nanoparticles.  In addition, due to the 
electrical conductivity of the polyaniline film, there is likely better electrical connection 
between the palladium nanoparticles deposited onto the film.  
There are also reports that the polyaniline film can suppress CO formation on the 
palladium surface [177].   This was determined via potential cycling.  During the 
potential cycling, the current was monitored at a specific potential and its decay was 
noted with cycle number.  However, the potentials reached during the cyclic 
voltammograms are sufficiently high to oxidize CO from the surface.  Therefore, what is 
actually being measured is not current decay due to CO accumulation, rather catalyst 
stability under potential cycling.  It is possible that the catalyst may be dissolving from 
the surface.  However, for the case of polyaniline, there is a lower rate of current decay 
indicating that the catalyst may be more stable.   
Li also reported a shift in the binding energy of palladium in the presence of 
polyaniline[172].  Palladium shows a binding energy of 335.9 eV.  They attribute this to 
the polyaniline matrix giving up its electron density to the palladium. 
 
2.7 Palladium Catalyst Adatom Modifications 
 
One of the issues that still plagues the performance of the direct formic acid fuel 
cell is catalyst surface poisoning by CO.  In order to minimize the effects of CO 
poisoning, there have been several studies on catalyst adatoms for both platinum catalysts 
as well as palladium catalysts.  Initially, several orders of magnitude in oxidation current 
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were observed when atoms such as Pb, Sn, and Cd were deposited to a platinum surface 
via underpotential deposition [127-131]. 
Underpotential deposition occurs when an electrode is held at a potential less 
negative than the equilibrium potential of the species to be adsorbed on the surface.  
These adatoms in solution are then both reversibly and irreversibly adsorbed to the 
electrode surface [178, 179].  Depending on the affinity of the adatoms to the electrode, 
they will adsorb at the sub-monolayer to monolayer levels.  Those adatoms that are 
irreversibly adsorbed to the surface do not strip from the surface during anodic scans.  
There has been evidence that the addition of Pb to a platinum electrode can completely 
eliminate the formation of CO from the surface [180].  Modified platinum catalysts have 
also been studied in the direct formic acid fuel cell.  However, many of the results are 
still inferior to an unmodified palladium catalyst [27, 181, 182]. 
Modified catalysts, underpotentially modified or irreversibly modified by other 
means, can affect catalysis by any of three possible routes.  The first way that the adatom 
can affect catalysis is known as the steric effect.  The steric effect is when adatoms block 
catalytic sites or break up groups of catalyst sites not allowing certain groups to form or 
bind to the surface.  It is not known exactly how CO is bound to the surface during 
formic acid oxidation; however, those CO groups which may be multiply bound to the 
surface may be eliminated by the adatom by not allowing the formation of multiply 
bound CO [127, 128, 183-189].  The steric effect has been supported by evidence of 
modifications to platinum [180].  A bi-functional catalyst is the second way adatoms can 
modify catalysis.  In this case, the adatom is inert to the main catalytic pathway; however, 
it performs a secondary role [190-192].  For fuel cells, the most common bi-functional 
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catalyst is the platinum ruthenium system for methanol oxidation.  In this case, the 
ruthenium does not oxidize methanol, rather it adsorbs OH to aid in CO oxidation from 
the surface.  The last way adatoms modify catalysis is through the electronic effect.  The 
adatom may shift the binding energy of the catalyst, which in turn changes the adsorption 
characteristics of the electro-active species [7, 193, 194].   
 
2.7.1 The Electronic Effect in Formic Acid Oxidation 
 
The electronic effect is indicative of a change in catalytic activity due to a shift in 
the d-band electrons, which correlates to a shift in the core level binding energy [195-
199].  Shifts in binding energy have been shown to change the bond strength of adsorbed 
molecules.  Shifts in the d-level electrons have an effect on altering the bond strength of 
the adsorbed molecules [200].  Two groups have shown that the oxidation of formic acid 
is particle size dependent.  As the particle size decreases, this results in a lowering of the 
d-band electrons and thus an increase in the core level binding energy [200].  There have 
also been other confirmations of these results, and it was found that adatom modifications 
to palladium cause a change in the binding energy [201, 202].  
 
2.7.2 X-ray Photoelectron Spectroscopy (XPS) 
 
One of the most common methods for determining surface energies and electronic 
structure of a surface is done though photoelectron spectroscopy.  This type of 
spectroscopy is based upon the photoelectric effect.  In XPS, the excitation source is from 
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x-ray radiation, typically in the range of 100eV-10 keV[203].  The high energy x-rays 
irradiate the surface of the sample and cause ejection of core electrons from the top  
10 nm of the substrate.  A count of electrons ejected and their associated kinetic energies 
are measured.  From this the core level electron BEs can be determined: 
 EBE = Ephoton – EKE – Φ,     (2.32) 
where EBE is the binding energy of the ejected electron, Ephoton is the energy of the 
irradiating x-ray, EKE is the kinetic energy of the ejected electron, and Φ is the work 
function of the instrument.  Changes in the binding energy of an atom indicate changes in 
its electronic environment.  However, without a completely enclosed system—that is 
being able to do the electrochemistry entirely within the system where the XPS 
measurement will be, data is only used as supporting evidence to support the hypothesis 
that electronic effects are affecting the system. 
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Chapter 3:  Statement of Purpose 
The research done for this work involves electrochemistry with applications to 
energy technology—specifically studies of the Direct Formic Acid Fuel Cell, DFAFC.  
The DFAFC was developed at the University of Illinois in Professor Richard I. Masel’s 
group.  After initial studies with a platinum anode catalyst, it was determined that 
platinum accumulations CO very rapidly when oxidizing formic acid.  Palladium was 
then determined to be much more active for formic acid oxidation.  However, palladium 
still accumulates CO on the anode surface, albeit much less rapidly than platinum.  While 
palladium is a better catalyst for formic acid oxidation, the anode is still the limiting 
factor in the direct formic acid fuel cell.  Therefore, the purpose of this work is to study 
and attempt to modify the anode electrode to improve the performance of the fuel cell. 
The first step was to study the effects of Nafion® on the catalyst layer.  It had 
been previously shown that a polymer with a similar structure to Nafion® can cause the 
dehydration of formic acid to CO.  Therefore, it was desired to see how the loading of 
Nafion® affected CO accumulation on the surface.  There have also been no long term 
durability studies for the DFAFC.  Therefore, potential cycling was performed to 
understand the catalyst stability under potential cycling—or what happens after several 
regeneration cycles.   
Next a novel catalyst preparation method was investigated using carbon 
nanotubes.  Palladium was reduced onto the surface of carbon nanotubes, and then the 
catalyst layer was prepared via vacuum filtration.  The vacuum filtration technique allows 
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for a randomly oriented network of nanotubes.  This can increase the electrical 
connection between the catalyst network. 
To attempt to increase the electrical conductivity into the fuel cell as well 
incorporate a slight pH change, the addition of polyaniline was investigated.  There were 
no previous reports of polyaniline in a DFAFC.  The polyaniline did show 60 % 
improvements in the electrochemical cell; however, these improvements were diminished 
when placed in the complicated environment of the fuel cell. 
Lastly, CO accumulation has also been an issue plaguing the DFAFC.  In work 
conducted with John Haan, we investigated the effect of adding Antimony to the surface 
of the anode.  It had previously been shown that antimony additions to Pt eliminated the 
formation of CO on the surface.  Therefore, a technique was used to modify a palladium 
electrode in the electrochemical cell and incorporate it into the fuel cell.  Unfortunately, 
the enhancements seen in the electrochemical cell did not translate to the fuel cell. 
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Chapter 4: Experimental Procedures  
 
This chapter will give a summary of the experimental techniques used to carry out 
the work presented in Chapters 5-8.  More details can be found in the appendices. 
 
4.1 Nafion® Loading Studies 
 
4.1.1 Fabrication of the Fuel Cells 
 
The first step to building a fuel cell is to condition the Nafion® membrane by 
protonating the sulfonic acid sites within the membrane.  To protonate the one square 
foot Nafion® sheets that are ordered from Ion Power, it is first cut into several smaller 
sheets, ranging in size from 4x4 to 10x10 cm
2
.  The smaller sheets are then heated in a 
bath consisting of 5 weight percent hydrogen peroxide (Alfa-Aesar, 35% w/w aqueous 
solution) and 18.2 MΩ Millipore® water, for 1 hour, at a temperature of 80 C.  Soaking 
in the peroxide solution will remove organic contamination from the membranes.  After 1 
hour, the sheets are carefully removed and washed with Millipore® water.  After 
washing, they are placed in a bath of Millipore® water and boiled for 1 hour to remove 
all hydrogen peroxide from the surface.  After the water bath, a sulfuric acid (Sigma-
Aldrich, ACS reagent) bath is prepared, consisting of 5 weight percent sulfuric acid and 
Millipore® water.  Again, the bath is heated to 80 C and the Nafion® sheets are placed 
in the bath.  During this step, the Nafion® membrane is protonated by displacing all the 
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sodium ions with protons.  Following the acid bath, the sheets are rinsed and then boiled 
for 1 hour in Millipore® water to remove excess sulfuric acid on the membrane.  Finally, 
the protonated Nafion® sheets are stored in Millipore® water for fuel cell assembly. 
The fuel cells were fabricated using the method presented in [204].   25 m-thick 
stainless steel plates with 2 mm diameter holes were used as current collectors.  Adhesive 
was transferred to a PDMS puck, and the adhesive was then transferred to the stainless 
steel foils.  Details of the puck preparation as well as the adhesive preparation and 
spinning recipes can be found in the Appendices. 
A small piece of conditioned Nafion® 117 membrane (Ion Power) was then 
sandwiched between these two stainless steel plates and the metal-membrane assembly 
was cured at 110
o
C for 20 minutes.  The fuel cell was then hot-pressed at 90
o
C for 2 min 
at an appropriate pressure.  The fabricated fuel cell and its dimensions can be seen in  
Fig. 4.1.   
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Figure 4.1. A top and side view of the assembled stainless steel foils and Nafion® 
membrane.  Dimensions are listed where necessary. 
 
4.1.2 Preparation of Catalyst Inks for Fuel Cell 
 
The anode catalyst ink was prepared by mixing Pd black (Aldrich, high surface 
area) with 5% Nafion® solution (Ion Power), Millipore water, and isopropanol (Sigma-
Aldrich, >99.5%) in an appropriate ratio, and then ultrasonicating the mixture in an ice 
bath.  The cathode ink was prepared in the same manner using Pt black (Alfa Aesar) 
using the same method.  The cathode Nafion® content was maintained at 17 wt. %.  This 
was chosen based upon previous work [204] and also the fact that over long periods of 
times, the anode limits the fuel cell performance [205].  The ink was then applied to the 2 
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mm diameter exposed Nafion® using the direct paint method.  The amount of Nafion® in 
the anode catalyst layer was varied based upon Equation 1.  The values used for the 
experiments were 10, 30 and 50 wt. %. 
                                                                                                                             (4.1)   
                  
The final loadings of the anode and cathode were estimated to be roughly 15 mg cm
-2
. 
 
4.1.3 Fuel Cell VI Testing  
 
 All electrochemical measurements were performed at room temperature using a 
Solartron potentiostat (SI 2187).  To obtain VI curves, the cell was placed in a Teflon 
holder, built in house, as depicted in Fig. 4.2-4.3.  The fuel cell was held in the Teflon 
holder by tightening screws on each corner of the holder.  Approximately 1 mL of 12 M 
formic acid (Fluka, HPLC grade) fuel was placed in the anode reservoir, while the 
cathode was exposed to quiescent, ambient air.  Once a steady open circuit potential was 
obtained, the VI curve was measured. The potential was stepped from open circuit to                
0.1 V.  Several VI curves were obtained until the fuel cell equilibrated and the curves 
stabilized.   
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Figure 4.2: Schematic of the holder used to test the fuel cells.  The unit on each of the 
measurements is in millimeters. 
 
 
 
Figure 4.3. The fuel cell from Fig. 5.1 is placed in the Teflon housing for 
electrochemical testing. 
Teflon        O-ring        Fuel
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4.1.4 Cyclic Voltammetry and Chronoamperometry 
 
Because our interest was in isolating the effects of Nafion® loading on the fuel 
cell anode, a standard three electrode electrochemical cell with Solartron potentiostat (SI 
1287) was used for electrochemical measurement.  The electrochemical cell is 
constructed entirely of glass and could be cleaned in an acid and / or nochromix bath.  It 
is a 100 mL flask with a 24/40 joint at the top and two 14/20 joints on the sides.  The 
large joint permits insertion of the RDE, and the other joints permit insertion of a counter 
electrode and solution modifications as necessary.  The flask is further modified by 
flattening the bottom to reduce its volume, adding Luer joints to permit gas flow and 
adding a reference capillary that can be closed off while maintaining electrical connection 
with the solution.     
The palladium catalyst ink was made by adding 6 mg Pd black (Aldrich, high 
surface area), an appropriate amount of Nafion® based upon Equation 5.1, and 1 gram of 
Millipore water.  The ink was then ultrasonicated, and 12.5 μL was applied to the tip of a 
gold electrode.  The gold electrode was chosen since gold is inert to formic acid 
oxidation.  Platinized platinum gauze (Alfa Aesar, 52 mesh woven from 0.1 mm diameter 
wire, 99.9%) was used as the counter electrode, and a Ag/AgCl/sat’d KCl reference 
electrode (BAS) was separated from the working electrode via a Luggin capillary.  All 
solutions used were degassed by bubbling high purity argon through them for 
approximately 30 minutes prior to the experiment.  During the experiment, high purity 
argon was blown over the top of the solution.  Cyclic voltammetry in 0.1 M H2SO4 (GFS, 
double distilled) was performed in order to determine electrochemical surface areas by 
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analyzing the area under the hydrogen desorption peaks.  The potential was scanned from 
0.02 to 1.2 V vs. RHE.  Electrochemically active area loss studies were then performed 
using an electrochemical cell and 12 M formic acid with 0.1 M H2SO4.  The potentials 
were scanned between 0.02 and 1.45 V vs. RHE.  The sulfuric acid was added to 
maintain a constant pH to stabilize the reference electrode potential.  The working 
electrode was rotated at 2000 RPM (Princeton Applied Research, Model 616) in order to 
avoid CO2 accumulation on the surface.   The electrochemically active surface area loss 
was then characterized by placing the working electrode in a 0.1 M sulfuric acid solution 
and scanning from 0.02 to 1.2 V vs. RHE.  Using the hydrogen desorption peaks, the 
electro-active area was determined and compared to the areas prior to potential cycling.    
For CO build-up studies, initial areas were measured using cyclic voltammograms 
in H2SO4.  The working electrode was then placed in 12 M formic acid with 0.1M H2SO4 
and rotated at 2000 rpm.  The potential was held at 0.3 V vs. RHE for 12 hours.  The CO 
adsorbed on the surface was then measured using CO stripping cyclic voltammetry in 0.1 
M H2SO4 scanning between 0.02 and 1.2 V vs. RHE.  Integration of either the hydrogen 
peaks or the CO stripping peak can be used to calculate the charge passed for the one or 
two electron process, respectively.  The catalyst oxidation portion of the CV is subtracted 
from the CO peak resulting in the charge passed only for CO oxidation.   It is widely 
accepted that palladium can be characterized in this manner, where the surface area from 
the hydrogen peaks is determined from the relationship of 210 µC cm
-2
 and from the CO 
peaks by the relationship of 420 µC cm
-2 
[79, 104, 108, 206-208]. 
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4.2 Carbon Nanotube Supported Palladium Catalysts 
 
4.2.1 Catalyst Preparation 
 
Single-walled carbon nanotubes (Unidym, High Purity HIPCO) were first acid-
treated by refluxing in a HNO3 / H2SO4 (1:4 V / V) solution at 60° C for 12 hours.  The 
acid-treated nanotubes were then rinsed and filtered.  The nanotubes where then 
subsequently dried at 100° C under vacuum for 48 hours. 
A highly concentrated acid-treated CNT suspension (400 mg/L) was then made 
from 10 mg of single-walled carbon nanotubes powder (Unidym, High Purity HIPCO) 
and 1% (w/v) sodium dodecyl sulfate (SDS) in water. Multiple sets of 10-minutes low-
powered ultrasonication (at 40% power and 90% frequency), 1-hour stirring and 3-hour 
centrifugation (at 2800 g or 4100 RPM) were performed to homogenize and uniformly 
disperse the suspension. 10 mL of 5 wt. % PdCl2 in 10 wt. % HCl (Sigma Aldrich) was 
then added to 20 mL of CNT suspension under vigorous stirring at room temperature. 
After 3 hours of vigorous stirring, a freshly prepared reducing agent of 50 mg NaBH4 in 
25 mL of H2O was also added drop-wise to the solution followed by vigorous stirring at 
room temperature for another 2 hours.  The solution was then divided equally to make 4 
membranes. The solutions were then vacuum filtrated directly onto GDE using a vacuum 
filtration setup from Phenomonex. After the nanotube-catalyst network was successfully 
formed on the GDE, the wet GDE membrane was dried out for at least 30 minutes under 
15 in-Hg gauge pressure.  
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 For comparison, high surface area palladium black unsupported nanoparticles 
(99.8%, Aldrich) were used.  The catalyst was sonicated with water and applied to carbon 
paper (Toray, 0.008”) via the paint brush method.  All solutions were made using 18MΩ 
Milli-Q water as the solvent.   
 
4.2.2 Catalyst Characterization  
 
Scanning electron microscopy was used to examine the surface of the palladium-
decorated nanotubes.  A Hitachi S4800 scanning electron microscope was used with an 
accelerating voltage of 5 kV and 1 kV.  A setting of 5 kV was used to gain more 
information on the palladium, while 1 kV was used to gain information on the CNT.   
X-ray photoelectron spectroscopy (XPS) was performed using a PPHI 5400 XPS 
system with an Mg Kα X-ray source.  Samples of the catalyst were prepared as above and 
electrochemically cleaned in degassed 0.1 M sulfuric acid.  Samples were transferred to 
the XPS chamber protected by an argon environment.  Minimal exposure to ambient 
conditions was attempted when transferring sample to the XPS chamber.  Using 
CasaXPS software, the spectra were calibrated to a carbon binding energy of 285.0 eV.  
 
4.2.3 Electrochemical Testing.   
 
Because our interest was in isolating the difference in performance of the 
palladium-decorated carbon nanotubes and palladium black, a standard three electrode 
electrochemical cell with Solartron potentiostat (SI 1287) was used for electrochemical 
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measurement.  The palladium-decorated carbon nanotubes and palladium black covered 
carbon papers served as the working electrode.  Platinum gauze (Alfa Aesar, 52 mesh 
woven from 0.1 mm diameter wire, 99.9%) was used as the counter electrode, and a 
Ag/AgCl/sat’d KCl reference electrode (BAS) was separated from the working electrode 
via a Luggin capillary.  All solutions used were degassed by bubbling high purity argon 
through them.   
Cyclic voltammetry in 0.1 M H2SO4 (GFS, double distilled) was performed in 
order to clean the surface and determine electrochemical surface areas by analyzing the 
area under the hydrogen desorption peaks.  The potential was scanned from 0.02 to 1.2 V 
vs. RHE.  Several cycles were completed until the scans did not change with time.  It is 
widely accepted that palladium can be characterized in this manner, where the surface 
area from the hydrogen peaks is determined from the relationship of 210 µC cm
-2
 and 
from the CO peaks by the relationship of 420 µC cm
-2 
[79, 104, 108, 206-208]. 
To understand the effects of potential cycling on the catalysts, 500 cycles were 
run in 0.1 M H2SO4 at 10 mV/second.  The potential was scanned between 0.02 V and 
1.2 V vs. RHE.  This was done for both samples. 
  Loss of performance studies were then performed using an electrochemical cell 
and 12 M formic acid with 0.1 M H2SO4.  The potentials were scanned between 0.02 and 
1.45 V vs. RHE.  The sulfuric acid was added to maintain a constant pH to stabilize the 
reference electrode potential.  Due to the fact that the cyclic voltammograms in sulfuric 
acid after the cycling in formic acid were not useable, percent current loss at 0.3. V vs. 
RHE was used to determine degradation during formic acid cycling. 
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Lastly chronoamperometry was used to determine long-term effects during 
constant potential operation.  The working electrodes were cleaned and surface areas 
were calculated via the hydrogen desorption peaks in the cyclic voltammogram.  The 
potential was scanned from 0.02 V to 1.2 V vs. RHE.  The working electrode was then 
transferred to an electrochemical cell containing 12 M formic acid with 0.1 M H2SO4.  
The potential was then held at 0.3 V vs. RHE for 12 hours. 
 
4.3 Antimony Modifications 
 
4.3.1 Reagents   
 
The fuel cell anode catalysts layers were fabricated using palladium black 
unsupported nanoparticles (99.8%, Aldrich) and high surface area platinum black 
unsupported (HiSpec 1000, Alfa Aesar) for the anode and cathode, respectively.  A 1 M 
sulfuric acid (Veritas ® double distilled from Vycor, GFS Chemical) solution was made 
and used to dilute antimony (III) oxide (99.999%, Alfra Aesar) to achieve a 1mM 
antimony solution.  For fuel cell testing, a 10 M formic acid solution was prepared by 
diluting 50 % formic acid (50% HPLC grade, Fluka).  Each solution was made using 
18MΩ Milli-Q water as the solvent.  Compressed air (S.J. Smith) was used during fuel 
cell testing. 
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4.3.2 Electrochemical Modifications   
 
In order to modify the catalyst, a standard three electrode electrochemical cell was 
used with a Solartron potentiostat (SI 1287).  The working electrode was made from a 4 
cm
2
 carbon paper with palladium black painted on one side.  This also served as a gas 
diffusion electrode in the fuel cell.  The counter electrode was a platinum mesh and the 
reference electrode was a Ag/AgCl/sat’d KCl reference electrode. 
 
4.3.3  XPS    
 
X-ray photoelectron spectroscopy (XPS) was performed using a PPHI 5400 XPS 
system with an Mg Kα X-ray source.  Samples of the catalyst were prepared as described 
below and electrochemically cleaned in degassed 0.1 M sulfuric acid.  Samples were 
transferred to the XPS chamber protected by an argon environment.  Minimal exposure to 
ambient air was attempted when transferring sample to the XPS chamber.  
 
 4.3.4 Electrochemical Modification    
 
Using a sample piece of carbon paper with the same approximate loading as the 
fuel cell, chronoamperograms were measured for five minutes in an electrochemical cell 
to obtain a baseline current in a solution of 3 M formic acid and 0.1 M sulfuric acid.  The 
electrode was then modified using the 1 mM Sb
3+
 and 1 M H2SO4 at 0.45 V vs. RHE for 
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2 and 5 minutes.  The modified electrodes where then places in the 3 M formic acid / 0.1 
M sulfuric acid solution and the current was measured for 5 minutes.     
 
4.3.5 Fuel Cell Testing 
    
The cathode of the membrane electrode assembly used during fuel cell testing was 
loaded with approximately 10 mg cm
-2
 platinum black painted directly onto a Nafion® 
117 membrane (Ion Power).  A carbon cloth with single-sided, wet-proof (0.020”, E-Tek) 
served as the gas diffusion layer at the cathode.  A small square of platinum was also 
applied near the edge of the membrane to serve as a reference electrode.  The anode 
catalyst loading was also approximately 10 mg cm
-2
 of palladium.  However, half of the 
palladium catalyst was painted directly onto the Nafion® membrane, while the remainder 
was painted onto a carbon paper gas diffusion electrode (0.008”, Spectracarb).  The 
carbon paper with palladium was then modified in the 1 mM Sb
3+
 and 1 M H2SO4 
solution at 0.45 V vs. RHE.  The modification was done in the electrochemical cell.  A 
similar carbon paper was prepared without electrochemical modification for comparison.   
The fuel cell was maintained at 30° C and the potential was swept using a 1287 
Solartron potential stat.  10 M Formic acid was run over the anode at a rate of 1.0 mL 
min
-1
 and 300 sccm of air flowed over the cathode.  Constant current tests were 
performed with 0.15 mL min
-1
 flow of formic acid.  Using the small patch of platinum 
ink, the reference electrode was made by bubbling humidified hydrogen over a platinum 
foil, which made contact with the painted platinum.  
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Anode polarizations were also measured in the fuel cell at the same temperature.  
However, no additional catalyst was painted on the MEA.  Rather, the modified carbon 
paper was hot pressed onto the membrane.  This was done to assure that only the effects 
of the antimony addition were measured.  The cathode served as a reference electrode by 
flowing 300 sccm of hydrogen, and 1.0 mL min
-1
 formic acid was pumped on the anode. 
 
 
4.4 Polyaniline Modified Electrodes 
 
4.4.1 Electrochemistry 
 
A standard three-electrode electrochemical cell was used with a Solartron 
potentiostat (SI 1287), a platinum mesh counter electrode, and an Ag/AgCl/sat’d KCl 
reference electrode (BAS).  The working electrode was palladium black (99.8%, Aldrich; 
suspended with water) painted on carbon paper (Toray, 0.008”).   
Cyclic voltammetry in 0.1 M H2SO4 (GFS, double distilled) was performed in 
order to clean the surface.  All solutions used were degassed by bubbling high purity 
argon (SJ Smith) through them for at least 30 minutes.  The potential was scanned from 
0.02 to 1.2 V vs. RHE at a scan rate of 50 mV/s.  Several cycles were completed until the 
scans did not change with time.   
Surface modifications were done by exchanging the solution with 0.1 M aniline 
(Acros) in 0.5 M H2SO4 solution.  A platinum wire counter electrode and a 
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Ag/AgCl/sat’d KCl were also used.  The number of cycles varied; however, the potential 
was scanned from -0.2 to 0.9 V vs. Ag/AgCl at a scan rate of 50 mV/s for each case.   
Surface areas were calculated from CO stripping.  CO was bubbled over the 
electrode in a 0.1 M H2SO4 solution at 0 V vs. RHE for 30 minutes.  CO stripping cyclic 
voltammetry was also performed in the same solution after bubbling high purity argon 
through the solution for at least 30 minutes.  The potential was scanned from 0.02 to     
1.2 V vs. RHE.  The area under the CO peak was then calculated and subtracted from the 
oxidation portion of the CV.  It is widely accepted that palladium can be characterized in 
this manner, where the surface area from the CO peaks is calculated by the relationship of 
420 µC cm
-2 
[79, 104, 108, 206-208].   
Linear sweep voltammetry was then performed in 0.1 M HCOOH (50% HPLC 
grade, Fluka) with 0.1 M H2SO4.  The potential was swept from open circuit to 0.5 V vs. 
RHE at a rate of 5 mV/s.  This was used to determine the catalysts’ activity toward 
formic acid oxidation. 
Chronoamperometry was used to determine long-term effects during constant 
potential operation.  The working electrode was placed in an electrochemical cell 
containing 12 M HCOOH with 0.1 M H2SO4.  The potential was then held at 0.3 V vs. 
RHE for 1 hour. 
   
4.4.2 Fuel Cell Testing 
 
  The membrane electrode assembly (MEA) used in fuel cell testing was 
developed so that the palladium black anode catalyst could be modified in an 
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electrochemical cell prior to use in the fuel cell [52].  Anode palladium black catalyst was 
painted partially on the carbon paper gas diffusion layer (GDL), and partially on the 
Nafion® membrane.  Cathode platinum black catalyst (Alfa Aesar) was painted directly 
onto a Nafion® 117 membrane (Ion Power), and the GDL was a single-sided wet-proofed 
carbon cloth (0.020”, E-Tek).  The portion of the anode catalyst painted on the carbon 
paper was then modified electrochemically by cycling the potential from -0.2 to 0.9 V vs. 
Ag/AgCl.  The carbon paper then had a thin layer of Nafion® painted onto the palladium 
side and was hot pressed at 80° C at an appropriate pressure.  Fuel cell polarization 
experiments were performed with the Solartron potentiostat at 30° C, 1.0 mL min
-1
 10 M 
formic acid, and 300 sccm air.  Constant current tests were performed at 100 mA cm
-2
 
with 0.15 mL min
-1
 flow of formic acid with 300 sccm of air at 30° C.   
 
4.5  Electrochemistry for Modifications 
 
While each of the experimental outlines was given above, some more detailed 
explanations of some of the techniques is explained here. 
Several electrochemical experiments were done using an electrochemical cell to 
isolate the anode reaction.  For the experiments mentioned here, the working electrode 
was made from mixing 5.6 mg of high surface area palladium and 1 g of Millipore water.  
The ink was sonicated and then painted on a piece of carbon paper.  Very small strips (a 
few mm
2
) were used as working electrodes to mimic the fuel cell environment as closely 
as possible in a three electrode cell. 
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The other electrodes used in these experiments were a platinum mesh (52 mesh, 
Alfa Aesar) connected to a piece of platinum wire of 1 mm diameter (Alfa Aesar) counter 
electrode.  The reference electrode was a standard silver-silver chloride reference (BAS) 
calibrated by bubbling hydrogen (S.J. Smith) over the counter electrode.  The reference 
was stored in concentrated potassium chloride to maintain a constant chloride 
concentration, and therefore a constant reference potential (±2 mV) over several months.   
Since several different solutions were used in the electrochemical cells, careful cleaning 
in both 50 % sulfuric acid or NoChromix was used to ensure no contaminants in the cells 
were passed to the electrodes being modified.  
In order to modify the electrodes with antimony, the carbon paper was painted 
with the catalyst ink.  This was allowed to dry and was then electrochemically cleaned in 
a 0.1 M H2SO4 solution.  Cyclic voltammetry cycles were run from 0.02 to 1.2 V vs. 
RHE to clean the surface, and the CVs were stopped in the double layer region to ensure 
that no bulk surface oxide formation occurred.  The electrode was then modified using 
the 1 mM Sb
3+
 and 1 M H2SO4 at 0.45 V vs. RHE for 20 minutes.  After the surface 
modification, the excess solution was rinsed from the electrode. 
To modify the electrode with polyaniline, the palladium/carbon paper working 
electrode was placed in a solution containing 0.1 M aniline and 0.5 M H2SO4 solution.  
The potentials were scanned from -0.2 to 0.9 V vs. Ag/AgCl at a scan rate of 50 mV/s.  In 
this case a Pt wire was used as the counter electrode.  This was done to keep polymer 
from depositing on the Pt mesh counter electrodes.  The palladium/carbon paper was then 
rinsed with Millipore water. 
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After the surface modifications were done, several experiments could be used to 
determine their surface area or activity toward formic acid oxidation.  These are 
explained below. 
Cyclic voltammetry in each of these cases is a technique that can be used to 
characterize the catalyst prior to experiments involving formic acid.  Cyclic voltammetry 
to characterize the catalyst surface was performed only in 0.1 M H2SO4 supporting 
electrolyte.  The cyclic voltammograms can be used to determine the electrochemical 
surface area as well as the cleanliness of the surface.  The surface is considered clean 
when the shape of the cyclic voltammogram is similar to Fig. 2.6.  There should be a 
clearly defined double layer region, as well as hydrogen and oxygen regions.  If there are 
superfluous peaks or the hydrogen region is absent from the cyclic voltammogram, this is 
a sign that there are surface contaminants present.  Between the hydrogen and oxygen 
regions of the cyclic voltammogram, there is a double layer charging region.  In this 
region, only non Faradaic processes are occurring.  However, due to the large surface 
area of the nanoparticles, this double layer current is larger than for single crystal or 
polycrystalline structures. 
The cyclic voltammogram can be used to calculate the electrochemical surface 
area as well as the CO coverage by integrating the areas under the hydrogen desorption 
and CO oxidation peaks.  It is widely accepted that both platinum and palladium can be 
characterized in this manner, where the surface area from the hydrogen peaks is 
determined from the relationship of 210 C cm-2 and from the CO peaks by the 
relationship of 420 C cm-2  [79, 104-108].  
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Cyclic voltammetry in HCOOH can also be used with a supporting electrolyte to 
determine catalyst stability under potential cycling.  Since palladium temporarily needs to 
be regenerated, the potential must be raised high enough to oxidize CO from the surface.  
This occurs around 0.8-0.9 V vs. RHE.  Therefore, potential cycling in HCOOH can be 
used to mimic the regeneration steps.  Surface areas before and after can be used to track 
the change in electrochemical surface area.  A current can also be measured at a specific 
potential, typically 0.3 V vs. RHE, to monitor current decay under potential cycling.   
Experiments were also performed where the potential or current was held constant 
for a period of time.  When the potential is held constant, these experiments are called 
chronoamperograms.  They are used to study the current stability of the catalyst.  
Constant potential experiments are typically used in the electrochemical cell.  The 
potential is typically held at 0.3 V vs. RHE.  A fuel concentration of 0.1 M or 12 M 
HCOOH with 0.1 M supporting electrolyte is also typically used.  Using a rotating disk is 
warranted in the case when the carbon paper electrodes were not used.  The rotating disk 
electrode was used to increase mass transfer as well as to remove carbon dioxide from the 
surface of the catalyst. 
 
4.6 Fuel Cell Assembly and Testing 
 
The fuel cell that is assembled for testing consists of the following components: 
membrane, catalyst layers, reference electrode, gas diffusion layers, gas/liquid flow 
fields, current collector plates, and heating tape.  Each component will be discussed in 
order of assembly. 
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The fuel cell membrane consists of the ionically conductive polymer, Nafion®.  
We determined that Nafion® 117 was the optimal membrane for the type of fuel cell 
analyzed in this work.  Nafion® is a polymer which contains sulfonic acid groups that 
conduct protons from the anode to the cathode without leaking electrical current.  The 
protons are drawn through the membrane either via a hydrogen bonding network of static 
water molecules or via bonding to mobile water molecules which escort the proton 
through the membrane.  Since protons are drawn across the membrane, it is imperative 
that acid groups are protonated.  This sort of conditioning was discussed earlier in this 
chapter.   
 After the Nafion has been conditioned, it is placed on the vacuum table to dry at 
60 °C.  This is to ensure that the membrane remains flat during the catalyst painting 
process.  A piece of Teflon cloth is placed on the backside to keep the membrane from 
having the imprint of the vacuum table stamped into it.  A silicone gasket is then placed 
on top to seal the membrane to the vacuum table.  Wrinkling will ruin the membrane 
during the drying or painting process.  Once the membrane has dried, it is ready to have 
the catalyst layers painted. 
 The catalyst used for the DFAFC must have a high surface area and be highly 
active for the oxidation and reduction reactions.  Therefore, for the anode catalyst, 
palladium black (Sigma Aldrich, 99.8%) was chosen for its high performance for formic 
acid oxidation.  A TEM image of the particles can be seen in Fig. 4.4. 
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Figure 4.4. TEM image of Sigma Aldrich 7.5 nm palladium black high surface area 
catalyst. 
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For the cathode catalyst, a high surface area platinum catalyst was chosen 
(HiSpec 1000, Alfa Aesar).  Carbon supported Pt was tested, but mass transfer limitations 
appeared earlier than the platinum black catalyst.  Carbon supports can also oxidize at the 
high potentials of the cathode.   
 Typically the cathode catalyst layer is painted first.  This is due to the fact that 
this layer is more difficult to paint due to the fact that the Pt does not suspend as well in 
the water/Nafion® solution.  50 mg of Pt black is mixed with 600 mg of Millipore water.  
This is sonicated on ice for 2 minutes.  Next 220 mg of 5 wt % Nafion® is added and the 
mixture is sonicated on ice again for 2 minutes.  The catalyst ink is then painted onto the 
Nafion® in a slow methodical manner.  It is crucial that each layer is dry before the next 
layer is applied.  This is to ensure that catalyst layer cracking and Nafion® wrinkling do 
not occur.  If either of these occurs, the membrane cannot be used.  The failure rate for 
painting this portion of the membrane is high (50%) but decreases with experience; a 
failed painting must be discarded entirely.  The ink is applied using the direct paint 
method.  The ink is lightly loaded into the brush and painted onto the membrane in a 
variety of directions.  This is to ensure good electrical conduction between each of the 
catalyst particles.   After the catalyst ink has been applied, it is allowed to dry on the 
vacuum table for 30 minutes. 
Once the first catalyst application is dried, the membrane is flipped over and 
reflattened on the vacuum table.  Then the palladium ink is prepared using a similar 
preparation method to that of the cathode catalyst.  The palladium ink applies more easily 
than the platinum, but care must still be taken to prevent cracking in the catalyst layer.  
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Once it is dried the membrane can be removed from the vacuum table for assembly in the 
fuel cell; this membrane can now be called a membrane electrode assembly (MEA). 
The previous description is for a traditional fuel cell without anode modifications.  
If modifications are desired, the cathode is painted in the same manner as above.  
However, a different method must be used for the anode catalyst layer.  This is to split 
the painting of the palladium catalyst between the Nafion® membrane and the carbon 
paper gas diffusion electrode (0.008”, Spectracarb).  A schematic for this method is 
shown in Fig. 4.5. 
 
 
 
71 
 
 
Figure 4.5.  MEA design.  This is a cross-section diagram of fuel cell MEA design that 
demonstrates the features of an MEA designed so that some of the anode catalyst can be 
electrochemically modified.  The modification takes place on the carbon paper portion of 
the MEA assembly. 
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The reason for the dual painting is because the catalyst layer on the Nafion® 
membrane cannot be electrochemically modified.  While theoretically possible, contact 
with the solution would cause the Nafion® membrane to swell and therefore wrinkle.  
This would leave the membrane unusable for the fuel cell.  However, since the carbon 
paper is not affected by the liquid environment of the electrochemical cell, it can be 
modified. 
It was determined by Haan in unpublished work that an equal division of catalyst 
between the Nafion® and the carbon paper gave the best fuel cell results.  Half of the 
palladium mixture was painted on the Nafion® membrane as discussed above.  However, 
to paint the carbon paper a modified recipe was used.  Palladium and water were mixed 
together since the Nafion® made the catalyst layer too hydrophobic for modification.  
The carbon paper was secured onto a hotplate with a setting of 2.  The ink was then 
painted in a slow methodical manner, and each layer was allowed to dry before the next 
layer was applied.  Since the carbon paper is porous, care was taken to not allow the ink 
to leak through during painting.  This was accomplished by lightly loading the brush with 
the ink.  The carbon paper was then allowed to dry overnight.  The painted area measured 
approximately 2 cm x 2 cm.  
To modify the electrode a larger electrochemical cell was used to accommodate 
the larger piece of carbon paper.  The paper was then held by a piece of gold foil and an 
alligator clip.  The counter electrode was either a platinum mesh or a platinum wire.  As 
before, the reference electrode was a Ag/AgCl reference electrode.  To modify with 
antimony, the antimony solution mentioned above was used, and the potential was held at 
0.45 V vs. RHE for 20 minutes.  To modify with polyaniline, the electrode was placed in 
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the aniline solution mentioned above and cycled between -0.2 and 0.9 V vs. Ag/AgCl for 
a different number of cycles.  It was determined that 40 cycles gave the best results.  The 
modified electrode then needed to be dried before assembly of the fuel cell. 
Once the carbon paper has dried, there was one final step before assembly of the 
fuel cell.  The carbon paper needed to be adhered to the MEA.  In order to do this, a small 
layer of Nafion® is painted onto the carbon paper.  This was then placed palladium-to-
palladium, and the MEA was immediately hot pressed at 80°C for approximately 2 
minutes.  The pressure needed to remain light since the carbon paper is very brittle.  If the 
pressure is too high, the carbon paper can crack.  This helped to bond the carbon paper to 
the Nafion® catalyst layer.  After this was completed, the fuel cell could be assembled.  
The fuel cell was assembled in the following order.  The gold-plated current collector 
with the bolts was placed on a table.  The graphite flow field for the cathode was then 
placed on the current collector.  A silicone gasket was then fitted around the cathode flow 
field.  A piece of carbon cloth (0.02” E-tek) containing single-sided wet proofing was 
placed in the flow field such that the wet proofed side was in direct contact with the 
catalyst layer.  The MEA was then placed onto the carbon cloth with the anode side 
facing up.  Again a silicone gasket was placed on the anode with an opening for the 
graphite flow field.  Lastly, the flow field and the current collector were placed on the 
top.  The bolts were then tightened methodically to 4 N-m.  A heating source could then 
be applied to both current collectors to heat the fuel cell during testing.  A completed fuel 
cell can be seen in Fig. 4.6. 
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Figure 4.6. This shows a completely assembled fuel cell.  The silicone gasket can be seen 
between the two graphite flow fields.  Luer lock fittings are used for inlet and outlet flow. 
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 Fuel cells tests were performed using a Solartron 1287 potentiostat and a two 
electrode setup.  The working electrode was connected to the cathode, and the counter 
electrode was connected to the anode.  This maintained a positive output voltage during 
experiments. 
 The first method typically used to characterize a fuel cell is the voltage-current 
experiment.  An example of what a typical VI curve looks like can be seen in Fig. 2.1.  
Conceptually, a VI curve is similar to cyclic voltammetry; however, the potential is only 
swept in one direction.  It is better known as linear sweep voltammetry.  The current can 
then be recorded as a function of the fuel cell potential.  It may take several VIs before 
they stabilize.  There is normally a conditioning period for the fuel cell.  This involves 
cleaning the catalyst surface through a regeneration step and the fuel finding its way 
through the porous catalyst network, etc.  The carbon paper also is somewhat 
hydrophobic, and it can take several VIs before it adequately imbibes the fuel.  To run 
this experiment, a potential stair-step experiment is chosen and run from 0 V vs. open 
circuit to the desired potential vs. reference.  Formic acid is passed over the anode at a 
rate of  1 mL min
-1
 .  This is to ensure that mass transport is not reached until lower 
potentials.  Air is blown in a counter current fashion over the cathode at a rate of           
300 sccm.   
The second most common technique that determines the catalyst current stability 
is a constant current or potential experiment.  In the fuel cell experiments discussed in 
this work, constant current was used.  In this case, the fuel cell is set to produce a 
constant current while the fuel cell potential is then measured.  Formic acid is flowed 
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over the anode at a rate of 0.15 mL min
-1
 at the anode to conserve fuel.  Since a current is 
chosen that is not in the mass transfer regime, mass transfer should not be an issue. 
The formic acid fuel cell typically maintains a stable cathode, and the main source 
of voltage decay is due to the accumulation of CO on the anode.  However, after an 
experiment is over, a regeneration step can be used to remove the CO from the surface.  
In order to regenerate the fuel cell anode, water is flushed through the anode, and the 
cathode is shorted to the anode.  Air is constantly being flowed over the cathode to 
maintain its potential.  The anode is shorted to the cathode for several minutes until the 
potential drops very close to 0 V.  After the regeneration, the performance of the fuel cell 
can be fully regained. 
 
4.7 X-Ray Photoelectron Spectroscopy: Electrochemistry and Parameters  
 
XPS was used to supplement the electrochemical cell and fuel cell data to 
determine if the palladium in the presence of different environments (carbon nanotubes, 
antimony, and polyaniline) shows a shift in its binding energy.  To prepare the catalyst 
for XPS measurements, care was taken to protect as much as possible from contaminants 
including atmospheric oxygen.  The only way to completely eliminate oxygen from the 
sample is to use an in situ electrochemical XPS instrument.   
The catalyst was prepared in the usual way as mentioned above, and it was 
typically applied to the carbon paper.  After the catalyst has been applied, it needed to be 
electrochemically cleaned to remove any surface contaminants or oxidation.  If surface 
modification was needed, this was done after electrochemical cleaning.  Once the catalyst 
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was ready for analysis, it was quickly transferred from the electrochemical cell to the 
sample transfer flask while protected with a solution droplet.  After five more minutes of 
degassing, valves were sealed on the transfer flask and it was carried promptly to the 
Materials Research Laboratory for analysis. 
The samples were quickly transferred to a sample holder.  The sample holder was 
placed into the XPS instrument and the sample chamber was pumped down immediately.  
Measurements were performed by Dr. Richard Haasch using a Physical Electronics PHI 
5400 system with an Mg Kα X-ray source.  For each sample, a spectrum of all kinetic 
energies was taken, followed by higher resolution spectra in the carbon region (for 
calibration) and the palladium 3d region.  Using CasaXPS software, the spectra were 
calibrated to a carbon binding energy of 285.0 eV.  
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Chapter 5: Effects of Nafion® Loading in Anode Catalyst Inks 
on the Miniature Direct Formic Acid Fuel Cell 
 
This chapter is adapted from a paper published in Journal of Power Sources in 
2010 by Morgan, Haan and Masel.   
 
5.1 Introduction 
 
The increasing demand for small, portable electronic devices necessitates the need 
for the design of small-scale power devices.  As a result, batteries and fuel cells have 
been miniaturized with the goal of maintaining large energy densities.  At the present 
time, fuel cells show an advantage over batteries.  Fuel cells are able to maintain a high 
power density with a decrease in size [67]. 
Miniature fuel cells are a major contender to replace small-scale batteries and 
lithium ion batteries in the future.  Lithium ion batteries show a drastic reduction in 
energy density as the total system volume is decreased[1].  As catalysts, membranes and 
fuel delivery / waste removal systems are optimized, fuel cells could in fact be a lower 
cost energy source than small-scale batteries.   
Complete optimization (finding new membranes or catalysts) is often not needed 
to show improvement in current fuel cells.  For example, simply by changing the 
thickness of the membrane [204] or composition of the catalyst ink / catalyst layer [209-
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216], better performance can be achieved.  However, a well-designed catalyst layer is the 
most important aspect of a well-performing fuel cell [217]. 
The direct formic acid fuel cell is a good choice for miniaturization because it 
requires virtually no balance of plant components, and it has a high power output 
compared to other liquid fuel choices, e.g. methanol [17, 31, 218].  Although the intrinsic 
energy content of formic acid is lower than methanol (two electrons per molecule of 
formic acid versus six electrons per molecule of methanol), formic acid makes up for this 
shortcoming, because formic acid can be used in higher concentrations than methanol.  
This is due to the fact that formic acid has a lower crossover rate than methanol [91, 93, 
100, 219].  Jeong et al. found that the rate of methanol crossover increases six times as 
fast as formic acid when compared at the same concentrations [93]. 
While proton conduction is mainly attributed to the membrane used in the fuel 
cell, an adequate dispersion of Nafion® ionomer must also be present within the catalyst 
layer to ensure efficient proton conduction to the membrane.  Passalacqua et al. studied 
the distribution of Nafion® and the effects on structure and performance of the catalyst 
layer for hydrogen fuel cells[109, 110].  This paper used an illustrative figure to explain 
why the optimum Nafion® loading is not at either extreme of Nafion® loading.  At very 
low Nafion® loadings there may be poor proton conduction through the catalyst layer, 
and there may be low adhesion to the PEM.  On the other hand, at high Nafion® 
loadings, there is poor electrical connection between the catalyst particles, and the 
electron has a difficult time leaving the catalyst layer.  While this study was for the 
hydrogen fuel cell, the qualitative results can still apply to liquid fuel cells.   
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However, the structure of the anode must be different in a liquid fuel cell.  There 
are two reasons why liquid fuel cells must have a different anode structure.  The first 
reason is the need for the fuel to wet the surface of the catalyst.  The second is that while 
fuel must wet the surface and internal pore structure, there must be adequate room for 
gaseous products to be removed—CO2 for the case of methanol and formic acid 
oxidation [31, 111, 112].  Shin found that colloidal Nafion® produced the best fuel cell 
results.  This was because the Nafion® did not block the pores within the catalyst layer 
[113].  Tucker showed that a higher pore volume improves the performance of a direct 
methanol fuel cell (DMFC ) [114].    This is likely achieved at lower Nafion® loadings, 
since Poltarzewski showed that at higher Nafion® loadings films were observed on the 
surface [115].  These films would not allow for adequate infusion of the liquid fuel and 
removal of the gaseous products.  
It was shown by Boyer et al. that the proton conductivity of a catalyst layer 
prepared with Nafion® solution is directly proportional to the volume fraction of 
Nafion® within the catalyst layer[116].  Chenitz and Dodelet found that equal volumes of 
Nafion® and palladium gave the best performance in the DFAFC[117].  However, 
Thomas et al. found that there are benefits to having lower Nafion® loadings in the 
catalyst layer.  They hypothesized that the lower Nafion® loading decreases the thickness 
of the catalyst layer, which could then allow more catalyst particles to come in contact 
with the membrane for adequate proton conduction, which would even be enhanced after 
hot pressing[118].  McGovern et al. found that, upon the addition of Nafion® to the 
surface, the surface areas were suppressed during cyclic voltammetry[119].  The general 
shape of the CV did not change; however, there was an overall reduction in peak 
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currents.  It was determined that Nafion® reduces apparent surface area as well as formic 
acid oxidation current by blocking electrochemically active catalyst sites.  Kang et al. 
studied how Nafion® aggregates and processing temperature affected the performance of 
the fuel cell.  The main conclusion from their work was that smaller Nafion® aggregates 
show better catalyst utilization and thus better fuel cell performance.   
Nafion® is, however, a necessary binder for the anodes and cathodes of fuel cells.  
It is also a strong acid, which can catalyze the dehydration of small organic molecules 
such as formic acid.  In fact, Gates and Schwab published work which studied the 
dehydration of formic acid using polystyrene sulfonic acid [120].  Gates found that the 
polystyrene sulfonic acid could catalyze the dehydration of formic acid directly to CO 
with no traces of CO2.  This was verified using gas chromatography.  Since Nafion® is 
similar to polystyrene sulfonic acid, it too may catalyze the dehydration of formic acid to 
CO.  In addition it has been shown that using 5 M formic acid, no appreciable amounts of 
CO at 0.3 V vs. RHE accumulate on a palladium surface compared to platinum at the 
same conditions after 1 hour [18].   
Here we present our work on three representative Nafion® loadings with 
applications to the miniature DFAFC.  We studied the effect of the three different 
Nafion® loadings on fuel cell performance.  We also studied how three different 
Nafion® loadings affect electrochemical area loss after potential cycling in formic acid 
and CO accumulation during constant voltage operation.  
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5.2 Experimental Methods 
 
5.2.1 Fabrication of the Fuel Cells 
 
The fuel cells were fabricated using the method presented in [204].   25 m-thick 
stainless steel plates with 2 mm diameter holes were used as current collectors.  Adhesive 
was transferred to a PDMS puck, and the adhesive was then transferred to the stainless 
steel foils.  A small piece of conditioned Nafion® 117 membrane (Ion Power) was then 
sandwiched between these two stainless steel plates and the metal-membrane assembly 
was cured at 110
o
C for 20 minutes.  The fuel cell was then hot-pressed at 90
o
C for 2 min 
at an appropriate pressure.  The fabricated fuel cell and its dimensions can be seen in  
Fig. 5.1.   
 
 
Figure 5.1. A top and side view of the assembled stainless steel foils and Nafion® 
membrane.  Dimensions are listed where necessary. 
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5.2.2 Preparation of Catalyst Inks for Fuel Cell 
 
The anode catalyst ink was prepared by mixing Pd black (Aldrich, high surface 
area) with 5% Nafion® solution (Ion Power), Millipore water, and isopropanol (Sigma-
Aldrich, >99.5%) in an appropriate ratio, and then ultrasonicating the mixture in an ice 
bath.  The cathode ink was prepared in the same manner using Pt black (Alfa Aesar) 
using the same method.  The cathode Nafion® content was maintained at 17 wt. %.  This 
was chosen based upon previous work [204] and also the fact that over long periods of 
time, the anode limits the fuel cell performance[205].  The ink was then applied to the 2 
mm diameter exposed Nafion® using the direct paint method.  The amount of Nafion® in 
the anode catalyst layer was varied based upon Equation 1.  The values used for the 
experiments were 10, 30 and 50 wt. % 
 
               .       (5.1) 
The final loadings of the anode and cathode were estimated to be roughly 15 mg cm
-2
. 
 
5.2.3 Fuel Cell VI Testing  
 
 All electrochemical measurements were performed at room temperature using a 
Solartron potentiostat (SI 2187).  To obtain VI curves, the cell was placed in a Teflon 
holder, built in house, as depicted in Fig. 5.2.  The fuel cell was held in the Teflon holder 
by tightening screws on each corner of the holder.  Approximately 1 mL of 12 M formic 
acid (Fluka, HPLC grade) fuel was placed in the anode reservoir, while the cathode was 
)(05.0
)(05.0
.%
Nafionofmasscatalystofmass
Nafionofmass
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

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exposed to quiescent, ambient air.  Once a steady open circuit potential was obtained, the 
VI curve was measured. The potential was stepped from open circuit to 0.1 V.  Several VI 
curves were obtained until the curves stabilized.   
 
 
Figure 5.2. The fuel cell from Fig. 5.1 is placed in the Teflon housing for 
electrochemical testing. 
 
5.2.4 Cyclic Voltammetry and Chronoamperometry 
 
 Because our interest was in isolating the effects of Nafion® loading on the fuel 
cell anode, a standard three-electrode electrochemical cell with Solartron potentiostat (SI 
1287) was used for electrochemical measurement.  The palladium catalyst ink was made 
by adding 6 mg Pd black (Aldrich, high surface area), an appropriate amount of Nafion® 
based upon Equation 1, and 1 gram of Millipore water.  The ink was then ultrasonicated, 
and 12.5 μL was applied to the tip of a gold electrode.  Platinized platinum gauze (Alfa 
Aesar, 52 mesh woven from 0.1 mm diameter wire, 99.9%) was used as the counter 
electrode, and a Ag/AgCl/sat’d KCl reference electrode (BAS) was separated from the 
Teflon        O-ring        Fuel
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working electrode via a Luggin capillary.  All solutions used were degassed by bubbling 
high purity argon through them.  Cyclic voltammetry in 0.1 M H2SO4 (GFS, double 
distilled) was performed in order to determine electrochemical surface areas by analyzing 
the area under the hydrogen desorption peaks.  The potential was scanned from 0.02 to 
1.2 V vs. RHE.  Electrochemically active area loss studies were then performed using an 
electrochemical cell and 12 M formic acid with 0.1 M H2SO4.  The potentials were 
scanned between 0.02 and 1.45 V vs. RHE.  The sulfuric acid was added to maintain a 
constant pH to stabilize the reference electrode potential.  The working electrode was 
rotated at 2000 RPM (Princeton Applied Research, Model 616) in order to avoid CO2 
accumulation on the surface.   The electrochemically active surface area loss was then 
characterized by placing the working electrode in a 0.1 M sulfuric acid solution and 
scanning from 0.02 to 1.2 V vs. RHE.  Using the hydrogen desorption peaks, the electro-
active area was determined and compared to the areas from before the potential cycling.    
 For CO build-up studies, initial areas were measured using cyclic voltammograms 
in H2SO4.  The working electrode was then placed in 12 M formic acid with 0.1M H2SO4 
and rotated at 2000 rpm.  The potential was held at 0.3 V vs. RHE for 12 hours.  The CO 
adsorbed on the surface was then measured using CO stripping cyclic voltammetry in 0.1 
M H2SO4 scanning between 0.02 and 1.2 V vs. RHE.  Integration of either the hydrogen 
peaks or the CO stripping peak can be used to calculate the charge passed for the one or 
two electron process, respectively.  The catalyst oxidation portion of the CV is subtracted 
from the CO peak resulting in the charge passed only for CO oxidation.   It is widely 
accepted that palladium can be characterized in this manner, where the surface area from 
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the hydrogen peaks is determined from the relationship of 210 µC cm
-2
 and from the CO 
peaks by the relationship of 420 µC cm
-2 
[79, 104, 108, 206-208].   
 
5.3 Results and Discussion 
 
5.3.1 Fuel Cell Results  
  
Fuel cell polarization curves are shown in Fig. 5.3 using 12 M formic acid as the 
fuel.  It can be seen that the 30 wt. % Nafion® catalyst layer shows the best performance 
of the three Nafion® loadings chosen.  Each of the three cases shows very similar open 
circuit voltages; however, in the high current density region, the 30 wt. % fuel cell has 
the best performance.  
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Figure 5.3. Polarization curves for the miniature DFAFC showing the performance 
dependence on Nafion® loading in the anode catalyst layer.  The Nafion® loading in the 
cathode catalyst layer was maintained at 17 wt %.   
 
 
 These results can be substantiated by examining the SEM (Hitachi S-4700 High 
Resolution SEM) images of the anode catalyst structures with varying amounts of 
Nafion®.  From the SEM images in Fig. 5.4, it is clear why 50 wt. % Nafion® does not 
show higher performance in the miniature fuel cell.  At this level of Nafion® loading, 
there is a Nafion® film that forms on the surface of the catalyst layer, which leaves very 
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few exposed catalyst clusters.  This was also observed by Poltarzewski et al.[115].  This 
Nafion® film also could offer a mass transfer limitation, which could drastically decrease 
the performance of the fuel cell.   
 
 
 
A      B 
 
C 
 
Figure 5.4. SEM images showing anode catalyst layers with various Nafion® content. A) 
palladium with 10 wt. % Nafion®, B) palladium with 30 wt. % Nafion®, C) palladium 
with 50 wt. % Nafion®. 
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While performance loss in the mass transfer region is not manifested in the 
miniature DFAFC because the absolute currents are small, it could drastically decrease 
performance in the larger scale DFAFC where the absolute currents are on the order of 
amps.  Mass transfer limitations would be apparent by using lower concentration formic 
acid.  However, it is not desirable to operate a DFAFC with lower concentrations due to 
the reduction in fuel energy content.   There are also subtle differences between 10 wt. % 
and 30 wt. % Nafion® loading.  In the images with 30 wt. % loading, there is enough 
Nafion® for adequate proton conductivity but not so much that it forms a polymer film as 
in the case of the 50 wt. %.  In the 10 wt. % image, there is obviously less Nafion®, 
which may not allow for adequate proton conductivity, which can also be seen by the 
slight increase of slope in the VI curve of Fig. 5.3.   
  
5.3.2 Electrochemical Surface Area Studies 
  
The loss of electrochemical surface area with varying amounts of Nafion® in the 
palladium anode catalyst was investigated by performing potential cycling in 12 M 
formic acid.  In order to isolate the effects of anode composition, the following 
experiments were done using a three-electrode electrochemical cell.  Figs. 5.5, 5.6 and 
5.7 show cycles 1 and 80 of 600 in formic acid for the cases of 10 wt. %, 30 wt. % and 50 
wt. % Nafion®, respectively.  Because the currents of the 600
th
 cycle for each were very 
small, they were not included in the figures for clarity.  Active area is lost in each of the 
three cases, however, at the completion of the 600 cycles 10 wt. % and 50 wt. % showed 
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the most dramatic loss.  To quantify the loss of Pd, the electrochemical surface area 
before and after cycling in formic acid was measured in 0.1 M H2SO4 by cyclic 
voltammetry.   
 
 
Figure 5.5.  Cyclic voltammograms for a 10 wt % Nafion® loading showing the loss of 
activity for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4. The scan 
rate was 50 mV/s. 
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Figure 5.6.  Cyclic voltammograms for a 30 wt % Nafion® loading showing the loss of 
activity for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4.  The scan 
rate was 50 mV/s. 
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Figure 5.7.  Cyclic voltammograms for a 50 wt % Nafion® loading showing the loss of 
activity for cycle 1 and cycle 80 of 600 in 12 M formic acid and 0.1 M H2SO4.  Due to 
the polymer film, the dissolution of palladium is slower, and the 99% surface area loss is 
not manifested until after all 600 cycles. The scan rate was 50 mV/s. 
 
 
The differences in shape of the cyclic voltammograms are most likely due to the 
amount of polymer that is present in the catalyst layer.  For the case of 30 wt. %, the 
deactivation of palladium does not occur until a higher potential compared to the other 
cases.  The systems with 10 and 50 wt. % showed the highest overall loss in area.  These 
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were 96 and 99%, respectively.  However, for 30 wt. %, the loss in area was only 58%, 
which is much smaller compared to the other two cases.  For each system, the potential 
was scanned from 0.02 to 1.45 V vs. RHE to include the portion of the CV that includes 
the palladium deactivation by surface oxidation.  While these potential cycles do not 
depict what is happening during normal operation of a fuel cell, they do depict what 
happens during a regeneration step.  The formic acid fuel cell produces CO, which is 
strongly bound to the palladium surface. Due to this poison, the fuel cell must be 
periodically regenerated by raising the potential of the anode to oxidize the poison.  CO is 
oxidized from the surface at a potential between 0.8-0.9 V vs. RHE[51].  However, upon 
inspection of the Pourbaix diagram, palladium corrodes between   0.8 V-1.2 V vs. RHE at 
a pH of 1 [220].  Potentials above 1.2 V vs. RHE do not add to the dissolution of Pd.  
According to the Pourbaix diagram from 1.2 to 1.45 V vs. RHE, palladium is passivated.  
This can explain why a loss of area during the potential cycles is seen.  For the 10 wt. % 
case, there is little binder to hold the palladium nanoparticles in place during the cycles.  
This resulted in a large amount of palladium being exposed, which readily dissolved into 
the solution.  For the case of 50 wt. %, there is a thick polymer film which forms over the 
catalyst layer.  This leaves a much smaller number of active sites exposed that are 
available to do the oxidation reaction.  This polymer layer also allows for slower 
dissolution of the Pd, which explains why in Fig. 5.7 there is not a substantial loss of 
activity.  However, only after 600 cycles is the substantial loss observed.  While fewer 
palladium sites may dissolve during the potential cycles, there were far fewer active sites 
exposed at the beginning of the experiment.  For this reason, it can be assumed that a 
large fraction of the palladium that was exposed did in fact corrode, which resulted in the 
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99 % loss of area.  A 30 wt. % composition was much more stable in terms of area loss 
than the other two cases.  This can be attributed to the fact that there was an adequate 
amount of binder in the catalyst layer, which did not allow the palladium to readily 
corrode.  However, there was not an overwhelming amount of Nafion® to cause the 
polymer film on the catalyst surface, as in the 50 wt. % loading.  Transmission electron 
microscopy (TEM) was done using a JEOL 2100 Cryo TEM, to determine if particle 
agglomeration played a major role in the loss of performance.  In each of the three cases, 
the particles grew from 7.5±1.7 nm to 10.6±2.2, 11.8±2.3 and 11.0±2.0 nm, respectively.   
 
 
 
Figure 5.8.  TEM images for the particles after potential cycling.  The particles grew 
from 7.5 nm to A)10.6±2.2, B)11.8±2.3 and C) 11.0±2.0 nm.  These particle sizes were 
calculated from several TEM images. 
95 
 
The final nanoparticle sizes are fairly close, which indicates that particle 
agglomeration is not the main cause of performance loss.  The main cause of surface area 
loss is therefore assumed to be a combination of palladium corrosion and redeposition, 
also known as Ostwald ripening.  This has been shown before in the cathode of the 
hydrogen oxygen fuel cell for Pt due to the high potential of the cathode [221-225].  
However, considering the cases of 10 and 50 wt. %, it can be assumed that much of the 
dissolved Pd did not redeposit.     
 
5.3.3 Catalyst Poison Build-up Studies 
 
Catalyst poison build-up studies were also performed using the same three 
Nafion® compositions, 10, 30 and 50 wt. %.  Initial electrochemical surfaces areas were 
measured using the hydrogen desorption peaks of cyclic voltammograms in 0.1 M 
H2SO4.  This also served to clean the surface of the catalyst.  The initial cyclic scans were 
also to ensure that the catalyst surface was clean.  This was followed by 
chronoamperometry in 12 M formic acid with 0.1 M H2SO4 for 12 hours to allow the 
poison to accumulate on the surface of the palladium.  The palladium working electrode 
was held at 0.3 V vs. RHE to allow CO accumulation, while not allowing any CO to 
oxidize off the surface.  The amount of CO coverage was then characterized by 
performing further cyclic voltammograms in 0.1 M H2SO4.  The areas under the CO peak 
were corrected by subtracting the area under the oxidation portion of the CV, and the 
hydrogen desorption peaks were then corrected by subtracting the area under the baseline 
due to the double layer region of the CV.  These corrected areas were then compared to 
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determine the amount of CO surface coverage.  The CO and hydrogen peaks for 10% 
Nafion® loading are shown in Fig. 5.9.  Comparing the areas for these two peaks showed 
that the CO build-up after the 12 hour chronoamperogram lead to a 57% coverage of the 
electrochemically active surface area.  Similar cyclic voltammograms were obtained for 
30% and 50% Nafion® loadings.  They are illustrated in Figs. 5.10 and 5.11.   
 
 
Figure 5.9. CO stripping cyclic voltammogram on palladium for 10 wt % Nafion® 
loading.  The scan rate was 10 mV/s. 
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Figure 5.10. CO stripping cyclic voltammogram on palladium for 30 wt % Nafion® 
loading. The scan rate was 10 mV/s. 
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Figure 5.11. CO stripping cyclic voltammogram on palladium for 50 wt % Nafion® 
loading. The scan rate was 10 mV/s. 
 
By analyzing the CO and hydrogen peaks for these two cases, the coverage was 
calculated to be 60 and 64%, respectively.  For each case, these values were within ± 1%. 
There is an apparent trend which shows that as the Nafion® loading is increased there is 
an increase in the amount of CO present after the chronoamperogram.  In order to 
determine whether this trend was due to Nafion® loading or inconsistencies in catalyst 
preparation, an experiment was performed with only palladium and no Nafion®.  The 
cyclic voltammogram obtained is shown in Fig. 5.12.  
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Figure 5.12. CO stripping cyclic voltammogram on palladium for 0 wt % Nafion® 
loading. The scan rate was 10 mV/s. 
 
 The resulting CO coverage for the case of just palladium was 32%.  While the 
data shows that CO build-up on bare palladium nanoparticles over 12 hours in 12 M 
formic acid does occur, this is drastically less than the CO coverage with Nafion®.  
Although Larsen et al. showed that in 5 M formic acid negligible CO accumulation is 
observed when palladium was held at 0.3 V vs. RHE for one hour compared to Pt at the 
same conditions[18], the experiments here used 12 M formic acid and lasted 12 hours.  
-1.50
-1.00
-0.50
0.00
0.50
1.00
1.50
0.00 0.20 0.40 0.60 0.80 1.00 1.20
C
u
rr
e
n
t 
/ 
m
A
E / V vs. RHE
CO stripping 
Peak 
100 
 
Therefore, it is reasonable to expect that there is some CO build-up on the surface.  
However, the build-up of CO could be enhanced by impurities in the formic acid, such as 
methyl formate and acetic acid[226, 227].  Impurities may enhance the accumulation of 
CO during constant voltage operation.  The impurities, however, do not play a role during 
potential cycling, because the catalyst reaches potentials sufficient to oxidize the CO 
from the surface.  The data still suggest that there is an additional effect when Nafion® is 
added to the catalyst layer.  The increase in CO production with increased Nafion® 
loading aligns well with the observations of Gates.  Gates and Schwab reported that the 
acid sites in polystyrene sulfonic acid can catalyze the direct dehydration of formic acid 
to CO[120].  Nafion® is a stronger acid than polystyrene sulfonic acid due to the number 
of fluorines, which withdraw electrons from the sulfonic acid group (-SO3
-
).  Therefore, 
Nafion® should catalyze the dehydration more readily than polystyrene sulfonic acid.  As 
the Nafion® loading is increased, the number of acidic sulfonate sites is also increased.  
Therefore, there are a greater number of these sites which cause the formic acid 
dehydration.   As the number of sites is increased, so would the production of CO.  This 
CO could then migrate from the acidic sites within the Nafion® to the palladium where it 
remains strongly bound[52].   
 
 
 
 
 
101 
 
5.4 Conclusions 
 
Several electrochemical methods were used to study the effects of Nafion® 
loading on the direct formic acid fuel cell.  Short term fuel cell tests show that 30 wt. % 
gives the best performance of the three Nafion® loadings chosen.  This is because it 
offers a balance between proton conduction and the ability to bind the catalyst.   It also 
does not produce mass transfer limitations.  In addition, it was shown that during the 
regeneration, performance loss can be obtained due to the dissolution of palladium at low 
pH and high potentials.  A loading of 30% Nafion® showed the best stability in terms of 
active area lost after potential cycles.  Lastly, it was shown that there is a correlation 
between CO build-up and the amount of Nafion® present in the anode catalyst layer.  As 
the amount of Nafion® increases, the amount of CO coverage increases: 57% for a 10 % 
Nafion® loading, 60% for a 30 % Nafion® loading and 64% for a 50 % Nafion® 
loading.  While these data were obtained with the miniature direct formic acid fuel cell in 
mind, these results are also applicable for larger scale formic acid fuel cells.  Therefore 
careful consideration needs to be taken when determining the proper amount of Nafion® 
to use.    
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Chapter 6: Carbon Nanotube Supported Palladium as a 
Possible Anode Catalyst for Formic Acid Oxidation  
 
6.1 Introduction 
 
The direct formic acid fuel cell, DFAFC, has been touted as a possible 
replacement for batteries and direct methanol fuel cells, DMFC [4, 14-51].  The DFAFC 
has several advantages over the DMFC.  The DFAFC has a higher theoretical open 
circuit potential than the DMFC (1.45 V vs. 1.23 V).  In addition, formic exhibits a lower 
crossover rate then methanol.  This allows one to use higher concentrations of fuel in the 
DFAFC, which makes up for the lower intrinsic energy content of formic acid. 
Initial catalysis work on the DFAFC was dominated by studies of platinum black 
as the anode catalyst, but it was determined that one oxidation pathway of formic acid on 
platinum includes a strongly-bound CO intermediate [7, 81, 228-230]  
HCOOH + Pt
0
  Pt-CO + H2O,     (6.1) 
             H2O + Pt
0
  Pt-OH + H+ + e-,       (6.2) 
 Pt-CO + Pt-OH  CO2 + 2 Pt
0
 + H
+
 + e
-
.    (6.3) 
At potentials that the fuel cell anode would operate, CO builds up rapidly; this 
greatly reduces the fuel cell performance.  Due to the rapid CO accumulation on Pt, this 
makes Pt an impractical catalyst for formic acid oxidation in a fuel cell[73, 231]. 
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However, a more efficient catalyst is palladium black, on which the oxidation of 
formic acid occurs via a more direct pathway which involves a reactive intermediate, X, 
minimizing the buildup of CO on the catalyst surface [7, 35, 81-83] 
 HCOOH  X  CO2 + 2 H
+
 + 2 e
-
.      (6.4) 
Supported catalysts may have better advantages over non-supported catalysts, 
such as being able to support smaller particle sizes, better catalyst dispersion, and also 
better electrical connection between catalyst particles [232, 233].  Carbon supported 
palladium did not perform as well in fuel cell environments[18].  One reason is the 
hydrophobic nature of the carbon black.  In addition, under oxidizing potentials, the 
carbon can be oxidized and lead to additional CO formation.   
Carbon nanotubes have interested researchers for a variety of applications that 
include catalyst supports due to their electronic, thermal and chemical resistance 
properties.  To date, carbon nanotubes have been used for a wide range of applications, 
including nanodevices, tips for atomic force microscopy and scanning microscopy, 
quantum wires, sensors and catalyst supports [122-126, 234, 235]. 
While the field of carbon nanotube supported catalysts for fuel cell applications 
has interested researchers, there have been relatively few applications for formic acid 
oxidation [156-164, 236].    Many authors have compared the carbon nanotube supported 
catalysts for commercially available carbon supported palladium.  Each report does show 
improvements over the commercially available carbon supported palladium; however, 
palladium black is currently the best performing commercially available catalyst for 
formic acid oxidation.  There are also no long-term studies of these carbon nanotube 
supported palladium catalysts except for the work by Selvaraj[156].  Selvaraj performed 
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potential cycling in 0.5 M HCOOH and noted very little change in current after 500 
cycles.  Selvaraj’s Pt-Pd CNT catalyst did perform better; however, the conditions were 
not similar to the fuel cell, where concentrated formic acid exhibits a more corrosive 
environment. 
The objective of the study presented here is to see if improvements in the long-
term catalytic properties of palladium black using carbon nanotube (CNT) supports can 
be achieved in fuel cell like conditions.  To do this, we used a vacuum filtration method 
to produce a random palladium / carbon nanotube network on the gas diffusion electrode 
surface.  The idea was to protect the catalyst inside of a woven and packed structure of 
nanotubes, thus increasing the stability, electrical conductance and effectual lifetime of 
the catalysts.  Interestingly, our experimental results show that long-term catalytic 
properties perform better than the commercially available palladium black catalysts.   
 
6.2 Experimental 
 
6.2.1 Catalyst Preparation 
 
Single-walled carbon nanotubes (Unidym, High Purity HIPCO) were first acid-
treated by refluxing in a HNO3 / H2SO4 (1:4 V / V) solution at 60° C for 12 hours.  The 
acid-treated nanotubes were then rinsed with 18MΩ Milli-Q water and filtered.  The 
nanotubes where then subsequently dried at 100° C under vacuum for 48 hours. 
A CNT suspension (400 mg/L) was then made from 10 mg of the acid-treated 
carbon nanotubes powder and 1% (w/v) sodium dodecyl sulfate (SDS) in 18MΩ Milli-Q 
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water. Multiple sets of 10-minute low-powered ultrasonication (at 40% power and 90% 
frequency), 1-hour stirring and 3-hour centrifugation (4100 RPM) were performed to 
homogenize and uniformly disperse the suspension. 10 mL of 5 wt. % PdCl2 in 10 wt. % 
HCl (Sigma Aldrich) was then added to 20 mL of CNT suspension under vigorous 
stirring at room temperature. After 3 hours of vigorous stirring, a freshly prepared 
reducing agent of 50 mg NaBH4 in 25 mL of  18MΩ Milli-Q  H2O was added drop-wise 
to the solution followed by vigorous stirring at room temperature for another 2 hours.  
One quarter of the solution was then applied directly onto a gas diffusion electrode using 
a vacuum filtration system from Phenomonex. After the nanotube-catalyst network was 
formed on the GDE, the wet GDE membrane was dried  for at least 30 minutes under 15 
in-Hg vacuum gauge pressure.  
For comparison to what is typically used in the direct formic acid fuel cell, high 
surface area palladium black nanoparticles (99.8%, Aldrich) were sonicated with 18MΩ 
Milli-Q in a ratio to obtain the same loading as the CNT-palladium catalyst GDEs.  The 
catalyst ink was then applied to a carbon paper GDE (Toray, 0.008”).  
  
6.2.2 Catalyst Characterization  
 
Scanning electron microscopy was used to examine the catalysts.  A Hitachi 
S4800 scanning electron microscope was used with an accelerating voltage of 5 kV and 1 
kV.  A setting of 5 kV was used to image the palladium particles with more contrast, 
while 1 kV was used to image the nanotubes.   
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 In addition, X-ray photoelectron spectroscopy (XPS) was performed using a 
PPHI 5400 XPS system with an Mg Kα X-ray source.  Samples of the catalyst were 
electrochemically cleaned in degassed 0.1 M sulfuric acid by performing several cyclic 
voltammograms between 0.02 and 1.2 V vs. RHE until the voltammograms stabilized.  
Cyclic voltammograms were stopped in the double layer region to assure that no oxide 
was on the catalyst surface.  Samples were protected by an argon environment before 
transferring them into the XPS chamber.  Minimal exposure to ambient conditions was 
attempted when transferring the same to the XPS chamber.  
XRD analysis was also carried out on the sample to look at the crystalline phases 
and particle size.  The analysis was done with a X’Pert MRD system using a Cu radiation 
source at a wavelength of 0.15418 nm. 
 
6.2.3 Electrochemical Testing.   
 
Because our interest was in isolating the difference in performance of the CNT 
supported palladium and palladium black, a standard three-electrode electrochemical cell 
with Solartron potentiostat (SI 1287) was used for electrochemical measurement.  The 
carbon nanotube supported palladium and palladium black covered carbon papers served 
as the working electrode.  Platinum gauze (Alfa Aesar, 52 mesh woven from 0.1 mm 
diameter wire, 99.9%) was used as the counter electrode, and a Ag/AgCl/sat’d KCl 
reference electrode (BAS) was separated from the working electrode via a Luggin 
capillary.  All solutions used were degassed by bubbling high purity argon (SJ Smith) 
through them for at least 30 minutes.   
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Cyclic voltammetry in 0.1 M H2SO4 (GFS, double distilled) was performed in 
order to clean the surface and determine electrochemical surface areas by analyzing the 
area under the hydrogen desorption peaks before each experiment.  The potential was 
scanned from 0.02 to 1.2 V vs. RHE at a scan rate of 10 mV/s.  Several cycles were 
completed until the scans did not change with time.  The surface area was then calculated 
from the hydrogen desorption peaks
 
[79, 104, 108, 206-208]. It is widely accepted that 
palladium can be characterized in this manner. 
Linear sweep voltammetry was then performed in 0.1 M HCOOH (50% HPLC 
grade, Fluka) with 0.1 M H2SO4.  The potential was swept from open circuit to 0.5 V vs. 
RHE at a rate of 5 mV/s.  This was used to determine the catalysts’ activity toward 
formic acid oxidation compared to the traditional palladium black catalyst.  
Chronoamperometry was used to determine long-term effects during constant 
potential operation.  The working electrode was placed in an electrochemical cell 
containing 12 M HCOOH with 0.1 M H2SO4.  The potential was then held at 0.3 V vs. 
RHE for 12 hours.   
Lastly, loss of performance studies were then performed using an electrochemical 
cell and 12 M HCOOH with 0.1 M H2SO4.  The potential was scanned between 0.02 and 
1.45 V vs. RHE at a scan rate of 50 mV/s.  The sulfuric acid was added to maintain a 
constant pH to stabilize the reference electrode potential.  Change in the current at 0.3 V 
vs. RHE was used to determine the loss of activity. 
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6.3 Results and Discussion  
 
6.3.1 Characterization 
 
 The catalyst morphology on the carbon nanotubes can be seen in Fig. 6.1A and 
B.  Fig. 6.1A shows that the palladium catalyst particles are wrapped around the carbon 
nanotubes in most cases.  However, since a concentrated solution of nanotubes was used, 
it can also be seen from Fig. 6.1B that there are nanotubes that bridge the palladium 
clusters.  These bridging carbon nanotubes serve to increase the electrical connection 
between the palladium catalyst particles.  An average particle size can also be extracted 
from the SEM images.  The average particle size of the palladium particles is 13.2±2.1 
nm. 
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Figure 6.1.   a) Scanning electronic microscope image of the palladium nanoparticles 
wrapped around the carbon nanotube support. b) Since an excess of nanotubes was used, 
this image shows some of the nanotubes connecting the palladium particles to increase 
the electrical connection between palladium clusters. 
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Figure 6.2 shows the XPS spectra for the palladium supported on carbon 
nanotubes compared to palladium black.   
 
 
Figure 6.2.    The core level binding energy of palladium 3d5/2  and 3d3/2 when the 
palladium is supported on the carbon nanotubes versus palladium black.  The vertical line 
at 335.60 eV indicates the peak position for Pd 3d5/2 as purchased from Aldrich.  
Deviation from this peak position is due to the presence of the carbon nanotube support 
and likely the oxophilicity of the nanotubes. 
 
The core level binding energy of the CNT supported palladium as well as the 
binding energy of the palladium nanoparticles were analyzed using XPS.  Fig. 6.2 shows 
that there is a clear shift in the binding energy of the CNT supported palladium catalysts 
344 342 340 338 336 334 332
Binding Energy / eV
 Pd-CNT
 Pd
In
te
n
s
it
y
 (
a
.u
.)
 Pd-CNT 
Pd 
3d5/2 
3d3/2 
111 
 
compared to the 7.5 nm palladium black catalysts.  The palladium black 3d 5/2 core 
electron binding energy is 335.6 eV.  This is typical for these types of nanoparticles and 
has been verified previously [52, 237, 238].  However, there is a clear shift of the Pd     
3d 5/2 binding energy for the CNT supported catalysts to 335.8 eV.  Similar binding 
energies have been reported by another group [239].  The binding energy shift is likely 
due to the electronic properties of the carbon nanotubes as well as their oxophilicity 
[240]. 
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Figure 6.3.    XRD Sample of the Pd decorated carbon nanotubes. 
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Fig. 6.3 shows the XRD pattern for the palladium decorated nanotubes.  
Diffraction peaks are present at 2θ values of 39.9°, 46.3° and 68.1° for the (111), (200) 
and (220) planes, respectively.    These peak positions are consistent with a face-centered 
cubic arrangement.  A peak at 26.5° was also observed, which is indicative of the excess 
of carbon nanotubes present.  There is also a carbon (004) peak at 54.6°.  A particle size 
of roughly 13.7 nm was calculated from the XRD image, which is in agreement with the 
particle sizes calculated from the SEM images.  
 
 
6.3.2 Anode Polarization 
 
To characterize the activity toward the electrooxidation of formic acid, linear 
sweep voltammetry was used.  The potential was scanned from the open circuit value to 
0.5 V vs. RHE at a rate of 5 mV/s in 0.1 M HCOOH with 0.1 M H2SO4 added to maintain 
a constant pH in order to stabilize the reference electrode.  The currents were normalized 
by the electrochemical surface area.  Comparison of the two linear sweep 
voltammograms in Fig. 6.4 shows that the palladium decorated carbon nanotubes have a 
higher catalytic activity toward formic acid oxidation.  At 0.3 V vs. RHE, the standard 
palladium catalyst shows a current density of 0.082 mA cm
-2
.  At the same potential, 
however, the palladium decorated carbon nanotubes show a current density of 0.18 mA 
cm
-2
.  This is a 124% improvement toward formic acid electrooxidation. There is also a 
negative shift in the onset potential for formic acid oxidation, which is further evidence 
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that the palladium decorated carbon nanotubes have a higher catalytic activity for formic 
acid oxidation.     
    
 
 
 
 
Figure 6.4.    Anode polarization curves using a three-electrode electrochemical cell in 
0.1 M HCOOH with 0.1 M H2SO4 supporting electrolyte to stabilize the counter 
electrode.  At 0.3 V vs. RHE the CNT support palladium shows a 124% improvement.   
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6.3.3 Long Term Potential Cycling 
 
During the operation of the direct formic acid fuel cell, CO is produced on the 
anode, where it remains strongly bound to the surface.  The CO present on the surface 
then lowers the performance of the fuel cell.  It is also known that CO oxidizes from 
palladium at a potential of 0.8-0.9 V vs. RHE [241].  Therefore, to regain performance, 
the anode potential must temporarily be raised to such a potential to oxidize the strongly 
bound CO from the surface.  However, upon inspection of the Pourbaix diagram, 
palladium corrodes between 0.8 V-1.2 V vs. RHE at a pH of 1 [220].  It was desired to 
mimic these regeneration steps and investigate how the catalyst regeneration step affects 
the long-term performance and stability of the catalysts under potential cycling.  Both 
catalysts were cycled 300 times between 0.02 and 1.45 V vs. RHE at 50 mV/s in 12 M 
HCOOH with 0.1 M H2SO4 to stabilize the reference electrode.  Potentials above 1.2 V 
vs. RHE do not add to the dissolution of Pd. According to the Pourbaix diagram from 1.2 
to 1.45 V vs. RHE, palladium is passivated.  The current was then measured at 0.3 V vs. 
RHE and percent current loss was plotted every 50 cycles.  The results are shown in Fig. 
6.5.  After 50 cycles the standard palladium catalyst showed a 33% current loss, while the 
palladium decorated nanotubes showed only a 25% current loss.  However, the long term 
stability was more noticeable after all 300 cycles were completed.  At the end of the 300 
cycles, the standard palladium catalyst showed a current loss of nearly 60% of its initial 
current at 0.3 V vs. RHE, while the palladium decorated carbon nanotube catalyst showed 
only a 35% current loss at the same potential.  It should be noted that the current loss 
observed is not due to the accumulation of CO on the palladium surface.  During the 
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cycles, sufficient potentials are reached in order to oxidize any accumulated CO from the 
surface.   
   
 
 
Figure 6.5.    Percent current loss versus cycle number.  300 cycles were performed in 12 
M HCOOH with 0.1 M H2SO4 supporting electrolyte between 0.02 V and 1.45 V vs. 
RHE.  Using 0.3 V vs. RHE as a representative potential, the current output was 
measured and compared to the first cycle.  Percent loss is plotted every 50 cycles.      
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6.3.4 Short Term Potential Cycling 
 
Short term potential cycles were also completed.  The electrode was first cycled in 
degassed 0.1 M H2SO4.  This was done until the cyclic voltammograms stabilized.  The 
surface area was then measured by cycling between 0.02 V and 1.2 V vs. RHE at 5 mV/s.  
The surface areas for both the palladium decorated carbon nanotubes as well as the 
standard palladium catalysts were measured by integration of the hydrogen desorption 
peaks.  The electrodes were then placed in 12 M HCOOH with 0.1 M H2SO4 to stabilize 
the reference electrode.  Each electrode was then cycled 60 times between 0.02 V and 
1.45 V vs. RHE.  After the cycles, the electrodes were rinsed and the surface areas were 
measured again.  The palladium decorated carbon nanotubes showed 22% 
electrochemical surface area loss, while the standard palladium catalyst lost 37% of its 
electrochemical surface area.       
 
6.3.5 Chronoamperometry 
 
In order to be a viable catalyst for possible use in the direct formic acid fuel cell, 
the catalyst must exhibit stable, long-term activity toward formic acid oxidation.  To 
compare their activities and current stability, an electrochemical cell was used with 12 M 
HCOOH and 0.1 M H2SO4 to maintain a constant pH for the reference electrode.  The 
potential was held at 0.3 V vs. RHE for 12 hours.  The results are shown in Fig. 6.6.  
Initially the oxidation current for the palladium decorated carbon nanotubes is 0.16 mA 
cm
-2 
while the standard palladium catalyst is 0.05 mA cm
-2
.  This is approximately a 
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factor of three improvement over the standard palladium catalysts.  While the palladium 
decorated carbon nanotubes do not perform better than the standard palladium catalyst 
over the entire 12 hours, they do show roughly a factor of 3.5 improvement at the end of 
the 12 hour chronoamperogram (0.0048 mA cm
-2
 vs. 0.0013 mA cm
-2
).  
The palladium decorated carbon nanotube’s oxidation current also stabilizes much 
faster.  After approximately 3.5 hours, the current has stabilized to a value of 0.0074 mA 
cm
-2
.  During the next 9 hours, the current for the palladium decorated carbon nanotubes 
only decays by 36%.  However, the standard palladium catalyst is undergoing constant 
current decay.  Using the same 3.5 hour time mark, the current for the standard palladium 
catalyst is 0.013 mA cm
-2
.  However, at the end of the 12 hours, the current is 0.0013 mA 
cm
-2
.  This is a current loss of 90%.  
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Figure 6.6.    12 hour chronoamperogram for Pd - CNT and Palladium black in a three 
electrode electrochemical cell.  12 M HCOOH and 0.1 M H2SO4 supporting electrolyte 
was used.  While Pd initially shows better performance, it is undergoing constant current 
decay.  The Pd-CNT shows better long term current stability. Inset) Zoomed in portion of 
the last ~4 hours of the chronoamperogram.  The Pd- CNT shows roughly a factor of 2-
3.5 improvement over the last four hours.     
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The improved activity toward formic acid oxidation can be attributed not only to 
the electronic properties of the carbon nanotube support, but also to the method in which 
the catalyst layer was prepared.   The carbon nanotubes needed to be acid treated to 
achieve –COOH groups on the surface to act as anchor points for the palladium 
nanoparticles.  It has been shown that the oxygen containing groups on the surface can 
increase the rate of electron transfer within the catalyst layer [242, 243].  In addition, the 
palladium decorated carbon nanotube catalyst layer was produced via vacuum filtration.  
Vacuum filtration of the palladium decorated carbon nanotubes allows for a randomly 
oriented network of catalysts [244, 245].  This allows for increased electrical connection, 
and therefore conduction between the catalyst particles as well as the carbon paper.  
While increased electrical conduction can be achieved via hot-pressing, hot-pressing can 
also collapse the pore network formed in the catalyst layer if not done at an appropriate 
pressure.  The catalyst stability under potential cycling is likely attributed to the –COOH 
anchor points along the carbon nanotubes as well as the randomly oriented morphology 
formed when vacuum filtered onto the carbon paper.  
 
6.4 Conclusions 
 
Here we have presented work on a palladium decorated carbon nanotube catalyst 
that shows better performance for formic acid electrooxidation.  During linear sweep 
voltammetry, the palladium decorated carbon nanotube catalyst shows a 124% 
improvement at 0.3 V vs. RHE.  In addition, the palladium decorated shows a much more 
stable current under constant potential operation as well as a factor of four improvement 
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at the end of 12 hour chronoamperograms.  Lastly, we showed that due to the vacuum 
filtration preparation, these catalysts are more stable (33% current loss vs. 60%) under 
potential cycling than the standard palladium catalyst used in the direct formic acid fuel 
cell.    
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Chapter 7: A Polyaniline Modified Palladium Electrode for the 
Direct Formic Acid Fuel Cell 
7.1 Introduction 
 
The use of small, liquid, organic molecules as an anode fuel source has gained 
significant interest as an alternative to hydrogen fuel cells for portable power 
applications.  These liquid based fuel cells can then be used as primary power sources or 
for recharging portable power devices [4, 14-52]. 
The direct formic acid fuel cell (DFAFC) has become popular because its power 
output can be similar to that of a battery, and its performance at ambient temperature is 
stronger than the direct methanol fuel cell (DMFC).  Although the intrinsic energy 
content of formic acid is lower than methanol (two electrons per molecule of formic acid 
versus six electrons per molecule of methanol), formic acid makes up for this 
shortcoming, because formic acid can be used in higher concentrations than methanol.  
This is due to the fact that formic acid has a lower crossover rate than methanol [91, 93, 
100, 219].   
Initial catalysis work on the DFAFC was dominated by studies of platinum black 
as the anode catalyst, but it was determined that one oxidation pathway of formic acid on 
platinum includes a strongly-bound CO intermediate [7, 81, 228-230] 
HCOOH + Pt
0
  Pt-CO + H2O,     (7.1) 
             H2O + Pt
0
  Pt-OH + H+ + e-,       (7.2) 
 Pt-CO + Pt-OH  CO2 + 2 Pt
0
 + H
+
 + e
-
.     (7.3) 
122 
 
At potentials that the fuel cell anode would operate, CO builds up rapidly.  This 
greatly reduces the fuel cell performance.  Due to the rapid CO accumulation on Pt, this 
makes Pt an impractical catalyst for formic acid oxidation in a fuel cell[73, 231]. 
However, a more efficient catalyst is palladium black, on which the oxidation of 
formic acid occurs via a more direct pathway which involves a reactive intermediate, X, 
minimizing the buildup of CO on the catalyst surface [7, 35, 81-83] 
 HCOOH  X  CO2 + 2 H
+
 + 2 e
-
.      (7.4) 
There has recently been interest in incorporating electron-conducting polymers 
into the catalyst layers for the oxidation of formic acid.  Electron-conducting polymers 
result in conjugated π systems, which are obtained during the electro-polymerization of 
monomers containing double bonds.  These are chemicals that contain an aromatic ring or 
a furanoic ring.  The polymerized materials result in a quasi-metallic state, which can 
have relatively high conductivities in the range of a few thousand S cm
-1
 [165].   
Polyaniline (PANI) is one of the most extensively studied conducting polymers 
because of its simple synthesis[246] and doping chemistry[247], low cost, high 
conductivity, and excellent environmental stability.  The green emeraldine salt form of 
PANI is electron conducting conducting (1–10 S cm-1 for granular powders) [246]. 
 One of the first molecules studied on an electron-conducting, polymer-modified 
electrode was formic acid by Gholamian et al [167].  They added a polyaniline film to a 
smooth platinum foil electrode.  Then 0.1 mg cm
-2
 of Pt was reduced onto the surface of 
the polyaniline film.  This modification enhanced the rate of formic acid oxidation by a 
factor of 10.  Gholamian also found for his studies that an optimal film thickness of one 
micron gave the best enhancements.  
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Laborde investigated polyaniline electrodes for the oxidation of both methanol 
and formic acid[168, 169].  While methanol seemed to be the focus of the study, he did 
report improvements for formic acid oxidation.   
Napporn investigated polyaniline-modified electrodes by first depositing a 0.5 
micron thick layer of polyaniline onto a gold electrode[170].  He then inserted metal 
particles on the surface via electro-reduction of metal salts.  Napporn noticed that a 
polyaniline Pt-Sn catalyst showed improvements and nearly a 100 mV shift in the onset 
potential.  However, tin will dissolve in formic acid and is therefore not stable. 
There have been several other studies focusing on polyaniline-film-supported 
palladium catalysts for formic acid oxidation[171-176].   There are also reports that the 
polyaniline film can suppress CO formation on the palladium surface [177].  Wu tested 
the CO accumulation based upon current loss during potential cycling.  However, Wu 
fails to realize that sufficient potentials are reached to oxidize the CO from the surface.  
Wu is actually measuring the stability of the catalyst under potential cycling.   
Dhaoui also reports a binding energy shift for palladium when in the presence of 
polyaniline, likely due to the metallic nature of the polymer[248].  Li also reported a shift 
in the binding energy of palladium in the presence of polyaniline[172].  Palladium shows 
a binding energy of 335.9 eV.  They attribute this to the polyaniline matrix giving up its 
electrons to the palladium. 
While most cases present in the literature investigate polyaniline as a potential 
catalyst support, a different approach is taken here.  Polyaniline was electropolymerized 
over a palladium-coated carbon paper to increase conductivity between the catalyst 
particles.  These carbon papers were then tested in the electrochemical cell.  The 
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modified palladium carbon paper was also hot pressed to a palladium coated MEA.  This 
was then tested in the fuel cell.   
 
7.2 Experimental 
 
7.2.1 Electrochemistry 
 
A standard three-electrode electrochemical cell was used with a Solartron 
potentiostat (SI 1287), a platinum mesh counter electrode, and an Ag/AgCl/sat’d KCl 
reference electrode (BAS).  The working electrode was palladium black (99.8%, Aldrich; 
suspended with water) painted on carbon paper (Toray, 0.008”).   
Cyclic voltammetry in 0.1 M H2SO4 (GFS, double distilled) was performed in 
order to clean the surface.  All solutions used were degassed by bubbling high purity 
argon (SJ Smith) through them for at least 30 minutes.  The potential was scanned from 
0.02 to 1.2 V vs. RHE at a scan rate of 50 mV/s.  Several cycles were completed until the 
scans did not change with time.   
Surface modifications were done by exchanging the solution with 0.1 M aniline 
(Acros) in 0.5 M H2SO4 solution.  A platinum wire counter electrode and a 
Ag/AgCl/sat’d KCl were also used.  The number of cycles varied; however, the potential 
was scanned from -0.2 to 0.9 V vs. Ag/AgCl at a scan rate of 50 mV/s for each case.   
Surface areas were calculated from CO stripping.  CO was bubbled over the 
electrode in a 0.1 M H2SO4 solution at 0 V vs. RHE for 30 minutes.  CO stripping cyclic 
voltammetry was also performed in the same solution after bubbling high purity argon 
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through the solution for at least 30 minutes.  The potential was scanned from 0.02 to 1.2 
V vs. RHE.  The area under the CO peak was then calculated and subtracted from the 
oxidation portion of the CV.  It is widely accepted that palladium can be characterized in 
this manner, where the surface area from the CO peaks is calculated by the relationship of 
420 µC cm
-2 
[79, 104, 108, 206-208].   
Linear sweep voltammetry was then performed in 0.1 M HCOOH (50% HPLC 
grade, Fluka) with 0.1 M H2SO4.  The potential was swept from open circuit to 0.5 V vs. 
RHE at a rate of 5 mV/s.  This was used to determine the catalysts’ activity toward 
formic acid oxidation. 
Chronoamperometry was used to determine long term effects during constant 
potential operation.  The working electrode was placed in an electrochemical cell 
containing 12 M HCOOH with 0.1 M H2SO4.  The potential was then held at 0.3 V vs. 
RHE for 1 hour. 
   
7.2.2 Fuel Cell Testing 
 
  The membrane electrode assembly (MEA) used in fuel cell testing was 
developed so that the palladium black anode catalyst could be modified in an 
electrochemical cell prior to use in the fuel cell [52].  Anode palladium black catalyst was 
painted partially on the carbon paper gas diffusion layer (GDL) and partially on the 
Nafion® membrane.  Cathode platinum black catalyst (Alfa Aesar) was painted directly 
onto a Nafion® 117 membrane (Ion Power), and the GDL was a single-sided wet-proofed 
carbon cloth (0.020”, E-Tek).  The portion of the anode catalyst painted on the carbon 
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paper was then modified electrochemically by cycling the potential from -0.2 to 0.9 V vs. 
Ag/AgCl.  The carbon paper then had a thin layer of Nafion® painted onto the palladium 
side and was hot pressed at 80° C at an appropriate pressure.  Fuel cell polarization 
experiments were performed with the Solartron potentiostat at 30° C, 1.0 mL min
-1
 10 M 
formic acid, and 300 sccm air.  Constant current tests were performed at 100 mA cm
-2
 
with 0.15 mL min
-1
 flow of formic acid with 300 sccm of air at 30° C.  A schematic of 
the MEA can be seen in Fig. 7.1. 
 
 
Figure 7.1.  MEA design.  This is a cross-section diagram of fuel cell MEA design that 
demonstrates the features of an MEA designed so that some of the anode catalyst can be 
electrochemically modified.  The modification takes place on the carbon paper portion of 
the MEA assembly. 
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7.2.3 Characterization 
Scanning electron microscopy was used to examine the catalysts.  A Hitachi 
S4700 scanning electron microscope was used with an accelerating voltage of 5 kV. 
 X-ray photoelectron spectroscopy (XPS) was performed using a PHI 5400 XPS 
system with an Mg Kα X-ray source.  The palladium catalyst was prepared for XPS by 
potential cycling to clean the surface, followed by potential cycling in 0.1 M aniline in 
0.5 M H2SO4 from -0.2 to 0.9 V vs. Ag/AgCl.  Samples were protected by an argon 
environment before transferring them into the XPS chamber.  Minimal exposure to 
ambient conditions was attempted when transferring the sample to the XPS chamber.   
 
7.3 Results 
 
7.3.1 Linear Sweep Voltammetry 
 
In order to determine the effect of polyaniline on the oxidation current of formic 
acid, different cycle amounts were used.  Polyaniline was cycled onto the palladium 
surface in the amounts of 10, 20, 30 and 40 cycles from -0.2 V to 0.9 V vs. Ag/AgCl at a 
scan rate of 50 mV/s.  Linear sweep voltammetry was then performed on each of the 
electrodes, and a plain palladium on carbon paper electrode was used as a reference.  The 
results are plotted in Fig. 7.2. 
 
 
 
128 
 
 
 
 
 
 
Figure 7.2.  Linear sweep voltammetry of different number of polyaniline cycles on a 
palladium nanoparticle electrode.  The polyaniline was electropolymerized from -0.2 to 
0.9 V vs. Ag/AgCl in a 0.1 M aniline 0.1 M H2SO4 solution.  The scan rate for the sweep 
was 5 mV/s.  The labels for each are shown above each line. 
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As seen from the figure, the sweep with 40 cycles of polyaniline on the palladium 
surface gives the best current.  An experiment with 50 cycles was performed; however, 
the improvement was nearly identical to 40 cycles.  At 0.3 V vs. RHE, the current for the 
plain palladium is 0.08 mA cm
-2
.  Approximately the same current is seen for 5 cycles.  
However, at 40 cycles the current is 0.13 mA cm
-2
.  This is roughly a 62% increase in 
formic acid oxidation.  This is not the factor of ten improvement that was reported by 
Gholamian.  However, Gholamian’s improvement can be most attributed to a surface area 
increase.  The initial studies were done on piece of Pt foil, which has very low surface 
area compared to the nanoparticles that were deposited onto the polyaniline film.    
 
7.3.2 Chronoamperometry 
 
Chronoamperometry was also used as criteria for determining what load of 
polyaniline would be best for formic acid oxidation.  The working electrode was placed 
in a 12 M HCOOH / 0.1 M H2SO4 solution and the potential was held at 0.3 V vs. RHE 
for one hour.  The current decay with time is plotted in Fig. 7.3.  Over the course of an 
hour each of the polyaniline-modified electrodes shows a higher formic acid oxidation 
current.  At the start of the experiment, the electrode with 40 cycles shows a current of 
0.05 mA cm
-2
 whereas the palladium electrode shows a current of 0.03 mA cm
-2
.    
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Figure 7.3. Chronoamperograms of palladium and polyaniline-modified electrodes.  The 
electrodes were placed in 12 M HCOOH / 0.1 M H2SO4.  The potential was held at 0.3 V 
vs. RHE for one hour.  
    
 The currents for 5 and 10 cycles were not plotted since they did not vary much 
from the plain palladium catalyst.  After the hour long chronoamperogram, the 40 cycle 
polyaniline electrode still showed the best performance, however, the current decay rate 
was steeper than the plain palladium electrode. 
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7.3.3 Characterization 
 
Stilwell gave a relationship based upon the polymerization cyclic voltammogram 
to calculate the thickness of the resulting polyaniline film on the surface[166].  Since this 
relationship held for inert surfaces, a 1 cm
2
 piece of carbon paper was used for the 
polymerization.  The resulting CV curve can be seen in Fig. 7.4. 
 
 
 
Figure 7.4.  Cyclic voltammogram of aniline being polymerized on a 1 cm
2
 piece of 
carbon paper.  40 cycles were run from -0.2 to 0.9 V vs. Ag/AgCl at a scan rate of 50 
mV/s. 
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The relationship from Stilwell estimates that the thickness of the polyaniline film 
on the carbon paper is roughly 0.14 microns.  It was difficult to calculate the thickness on 
the palladium surface since the palladium adds to the current during 
electropolymerization via surface oxidation and reduction. 
The morphology of the palladium and polyaniline on palladium can be seen in Fig 
7.5.  Fig 7.5A shows the plain palladium painted on the carbon paper.  However, Fig. 
7.5B and C show the polyaniline electro-polymerized onto the surface of palladium and 
carbon paper after 40 cycles between -0.2 and 0.9 V vs. Ag/AgCl, respectively.  From the 
SEM images, the polyaniline exhibits a fiber-like structure, and each has a length of 
approximately 1 micron with a diameter of approximately 100 nanometers.  The SEM 
image also shows that some of the palladium particles are covered by the polyaniline 
film; however, the film does seem to be porous to allow for formic acid diffusion.  
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Figure 7.5.  A) SEM image of palladium applied to the carbon paper electrode without 
any surface modification.  B) SEM imagine of the palladium with 40 cycles of 
polyaniline on the surface.  The polyaniline is a fiber-like polymer with a diameter of 
roughly 100 nm and a length of ~1 micron.  C) This is the polyaniline polymerized onto 
the surface of the carbon paper. 
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X-ray photoelectron spectroscopy was also used to examine how the electronic 
environment of the polymer affects the binding energy of the palladium.  The results are 
shown in Fig 7.6.     
 
 
 
Figure 7.6. X-ray photoelectron spectra of palladium and polyaniline modified palladium 
after 40 cycles.  There is a clear binding energy shift from the standard palladium black 
catalyst.  The palladium black catalyst has a binding energy of 335.6 eV.  However, the 
polyaniline-modified palladium shows a binding energy of 335.9 eV.    
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The plain palladium catalyst was prepared by applying the catalyst to the carbon paper.  
The modified palladium electrode was prepared by applying the palladium catalyst to 
carbon paper followed by electropolymerization.  The electrode was cycled 40 times by 
cycling between -0.2 and 0.9 V vs. Ag/AgCl.  The samples were protected in an argon 
environment and immediately transfered to the XPS chamber where the exchange 
chamber was immediately pumped down.  This ensured minimal exposure to ambient 
conditions.  There is a clear binding energy shift from the standard 7.5 nm palladium.  
The standard palladium has a 3d 5/2 binding energy of 335.6 eV.  However, when the 
polyaniline is polymerized on the surface of the palladium catalysts, there is a 3d 5/2 
binding energy shift to 335.9 eV.   
 
7.3.4 Fuel Cell Tests 
 
Because improvements were seen in the electrochemical cell, the electrode was 
also modified to be tested in the fuel cell to determine whether the improvements seen in 
the electrochemical cell would carry over to the fuel cell.  Using the arrangement shown 
in Fig. 7.1, carbon paper was painted with a palladium ink made from high surface area 
palladium nanoparticles and water.  Nafion® was excluded since it made the surface too 
hydrophobic for modification.  The painted area was approximately 4 cm
2
.  The carbon 
paper was then modified in an electrochemical cell by performing 40 cycles between -0.2 
and 0.9 V vs. Ag/AgCl in a 0.1 M aniline 0.1 M H2SO4 solution to polymerize the aniline 
on the surface.  The carbon paper was then dried.  A thin layer of Nafion® was then 
painted onto the carbon paper and hot pressed with the anode side of the MEA at 80° C 
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and an appropriate pressure.  The MEA was then assembled into the fuel cell, and voltage 
current plots were measured.  The results are shown in Fig. 7.7.  
 
 
 
Figure 7.7.  Polarization curves of two different MEAs in an operating DFAFC at 30°C 
with 1 mL min
-1
 10 M formic acid on the anode and 300 sccm air on the cathode.  The Pd 
black fuel cell has unmodified palladium black as the anode catalyst, while the Pd-Pani 
fuel cell has a 0.14 micron polyaniline layer embedded in the anode catalyst layer. 
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10 M HCOOH was pumped at a rate of 1 mL min
-1
 over the anode and 300 sccm of air 
was passed over the cathode.  As can be seen from Fig. 7.7, improvements are seen with 
the polyaniline modified electrode.  At 0.6 V, the plain palladium electrode shows a 
current density of 290 mA cm
-2
.  The polyaniline-modified electrode shows an 
improvement at 0.6 V with a current of 319 mA cm
-2
.  This is a 10% improvement.  This 
10% improvement is seen until 0.48 V.  At this point there is a mass transfer effect that 
begins to limit the performance of the fuel cell, which causes the polyaniline-modified 
electrode to show higher current decay at lower potentials.  This, however, may be 
acceptable since it is desired to run a fuel cell at the highest possible potential, ideally 0.6 
V or higher. 
Constant current tests were also used to study the modified electrode in 
comparison to a standard palladium MEA.  The results can be seen in Fig. 7.8.  This 
experiment monitored the potential change as the fuel cell maintained a current of 100 
mA cm
-2
.  Fuel was pumped at a rate of 0.15 mL min
-1
 with 300 sccm of air.  As expected 
from the fuel cell polarization curve, the potential for the polyaniline-modified electrode 
is higher.  However, it is quite apparent that the rate of potential decay for the 
polyaniline-modified electrode is much higher than the standard palladium electrode.  
The potential initially starts at 0.74 V for the polyaniline-modified electrode, while the 
standard palladium electrode starts at 0.62 V.  However, after 2.2 hours, the polyaniline 
modified electrode crosses the standard palladium electrode due to the higher rate of 
potential decay under constant current.  At the end of the 7 hour experiment, the potential 
of the polyaniline-modified electrode was 0.36 while the standard palladium electrode 
was 0.42. 
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Figure 7.8.  Chronoamperogram of two different MEAs in an operating DFAFC at 30°C 
with 0.15 mL min
-1
 10 M formic acid on the anode and 300 sccm air on the cathode.  The 
current was held at 100 mA cm
-2
.  The Pd black fuel cell has unmodified palladium black 
as the anode catalyst, while the Pd-Pani fuel cell has a 0.14 micron polyaniline layer 
embedded in the anode catalyst layer.   
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7.4 Discussion 
 
7.4.1 Electrochemical Cell Tests 
 
Previous work by Haan showed that a change in the pH of the fuel would show a 
negative change in the onset potential for formic acid oxidation[51].  This was done in 
the electrochemical cell by adding sodium hydroxide to the formic acid solution and then 
matching the ion concentration by adding sodium sulfate or perchlorate.  On palladium, a 
four-fold increase in oxidation current occurred, which was owed to the negative shift in 
potential.   While this work showed promise in the electrochemical cell, it was not able to 
be translated to the fuel cell.  This was due to the fact that the solution pH was changed 
with a base containing sodium.  A higher open circuit value in the fuel cell was observed; 
however, when current passed through the fuel cell, the performance quickly decayed due 
to sodium poisoning in the membrane.   
We were hoping to see a similar, although not as substantial, effect in our data.  
The hypothesis was that a local change in the pH of the catalyst layer might change the 
onset potential for oxidation.   However, in most cases the onset potential for formic acid 
oxidation was consistent for each of the polyaniline cases.  This is likely due to the fact 
that there is not enough polyaniline in the system to cause an overwhelming pH change.  
Since there is such a small amount of polyaniline compared to the amount of formic acid, 
no change in the potential window for oxidation was observed.  The local pH change 
would also be minimized as the concentration of formic acid increased. 
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However, upon addition of polyaniline to the surface of the palladium electrodes, 
increases in formic acid oxidation current were observed during linear sweep 
voltammetry.  There was 62% increase when 40 cycles of aniline were polymerized on 
the surface.  The palladium electrode’s current was 0.08 mA cm-2, while the polyaniline-
modified electrode had a current of 0.13 mA cm
-2
.  The increase in formic acid oxidation 
can be attributed to several factors.  The first is that polyaniline is an electron conducting 
polymer.  Therefore, when aniline is polymerized onto the surface of the palladium 
nanoparticles, it can increase the electrical connection between each of the particles, 
thereby reducing the resistance within the catalyst layer.  Wu performed electrochemical 
impedance spectroscopy on polyaniline-modified electrodes[177].  It was determined that 
40 polymerization cycles gave the lowest resistance within the catalyst layer.  Therefore, 
it can be expected that due to the better conductivity on the catalyst layer, this would lead 
to improved oxidation currents.  Secondly, it has been reported that polyaniline can 
induce the formation of more oxygen-donating species onto the metal surface[249].  
These oxygen-donating species can aid in the oxidation of formic acid, which would also 
explain the increase in oxidation current with increasing polyaniline coverage. 
Chronoamperometry was also used to determine the performance of the 
polyaniline-modified electrodes.  Over the course of an hour, the polyaniline-modified 
electrodes showed better performance than the palladium electrode.  At the start of the 
experiment the electrode with 40 cycles shows a current of 0.05 mA cm
-2
 whereas the 
palladium electrode shows a current of 0.03 mA cm
-2
.  However, at the end of the hour 
long chronoamperogram, the plain palladium showed a current of 0.022 mA cm
-2
 while 
the polyaniline-modified electrode showed a current of 0.026 mA cm
-2
.  There is a higher 
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current decay rate with the polyaniline-modified electrode.  This sort of increased current 
decay behavior relative to palladium has also been reported in the literature[173].  From 
the literature there are no long-term studies past one hour.  In addition, most studies are 
done with weakly concentrated formic acid.  Here, we attempted to mimic fuel cell 
conditions.        
 
7.4.2 Characterization 
 
The SEM images of the polyaniline nanostructures are similar to those reported 
previously in the literature[177].  They also have similar size and diameter.  Wu reported 
electropolymerized polyaniline with a diameter of ~ 100 nm and a length of 1 to 2 
microns.  This is very similar to the structure obtained in this work.   
A shift in the binding energy of palladium was observed when polyaniline was 
polymerized onto the surface.  Standard 7.5 nm palladium has a binding energy of 335.6 
eV.  This has been shown before in the literature [201, 237, 238].  There is a shift in the 
binding energy of 0.3 eV to 335.9 eV when the polyaniline is added to the surface.  The 
shift in the binding energy is likely attributed to the semi-metallic nature of the polymer 
as well as its ability to enhance oxygen adsorption onto the surface[173, 249].  Li also 
reports a similar binding energy of 335.9 eV for a polyaniline palladium system[172].  
They attribute this shift in the binding energy to the release of electrons from the 
polyaniline matrix.   
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7.4.3 Fuel Cell Performance 
 
Despite the linear sweep voltammetry results shown in Fig. 7.2, it was 
disappointing to observe the fuel cell performance shown in Fig. 7.7.  The 62% increase 
from the electrochemical cell did not translate to the fuel cell where the enhancement was 
only 10% improvement.  At 0.6 V, the plain palladium electrode shows a current density 
of 290 mA cm
-2
.  The polyaniline-modified electrode shows an improvement at 0.6 V 
with a current of 319 mA cm
-2
.  This 10% improvement is seen until 0.48 V.  
Qualitatively, the enhancements seen in the electrochemical cell did translate to the fuel 
cell except at potentials lower than 0.48 V.  Unfortunately, the addition of the polyaniline 
layer between the two catalyst layers added additional mass transfer, which did not allow 
for the performance to exceed the standard palladium catalyst at lower potentials. 
The fuel cell data from Fig. 7.7 does show that we have made some 
improvements; however the results from the electrochemical cell do not always translate 
to the fuel cell.  There are several sources of efficiency losses in the fuel cell such as 
mass transfer limitations and fuel crossover, membrane and contact resistances, etc [103].    
The limitations that exist in the fuel cell do not exist in the electrochemical cell.  
Therefore, the improvements that are observed in the electrochemical cell do not translate 
to the fuel cell.   
The life-test in Fig. 7.8 was also disappointing.  However, the results were 
expected, considering the results shown in Fig. 7.3.  This is likely due to the fact that the 
polyaniline is masking some of the palladium nanoparticles and also increasing the mass 
transfer.  While palladium does poison less quickly than Pt, it is true that the DFAFC 
143 
 
performance loss is mainly attributed to the formation of CO on the surface.  During long 
term operation, the potential of the anode rises due to the accumulation of CO on the 
surface.  However, in the case of the polyaninline modified electrode, there is less 
palladium that is exposed due to the masking by the polyaniline film.  Therefore, it can be 
accepted that the potential decay might be greater.  However, it was not expected that the 
decay would be much steeper than palladium since only a 0.14 mircon layer was applied.   
Secondly, an issue with hot pressing could have occurred.  Since the two catalyst 
layers must be ‘glued’ together with a thin layer of Nafion®, this could also increase the 
mass transfer between the two layers adding to additional resistance at the contact points.  
Additionally, if the hot pressing did not successfully adhere the two layers together, 
increased resistance at the contact point could also occur.  This would also cause the 
performance to decay more rapidly. 
 
7.5 Conclusion 
 
We have studied palladium and palladium-polyaniline catalysts for the oxidation 
of formic acid.  It was previously shown in the literature that palladium and polyaniline 
can enhance the oxidation of formic acid; therefore, it was desired to attempt to 
incorporate a catalyst layer containing polyaniline into the Direct Formic Acid Fuel Cell.  
Aniline was electropolymerized onto the surface of the palladium catalyst and tested in 
the electrochemical cell.  Improvements were seen in the oxidation current of formic acid 
likely due to the electronic nature of the polymer.  In addition, shifts were seen in the 
binding energy of palladium when polyaniline was added to the surface.  These 
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modifications were then adapted to be incorporated in the fuel cell.  However, the 
improvements seen in the electrochemical cell did not directly translate to fuel cell.   
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Chapter 8:  Underpotentially Modified Palladium-Antimony 
Anode Catalysts for the Direct Formic Acid Fuel Cell  
 
This is work that I had the pleasure of working on with John Haan.  This work 
laid the groundwork for learning how to adapt catalyst modifications from the 
electrochemical cell to the fuel cell.  Adapted from a paper published in Electrochimica 
Acta in 2010 by Haan, Stafford, Morgan, and Masel.   
 
8.1 Introduction 
 
There has been much focus on the direct formic acid fuel cell as a means to power 
small portable electronics without the need to be connected to the electrical grid [4, 14-
51].  The direct formic acid fuel cell has been touted as a better fuel choice over methanol 
for several reasons.  The first reason is that the open circuit potential is 1.45 V versus 
1.21 V for methanol.  Formic acid also has a lower crossover rate than methanol, which 
allows for use at much higher concentrations [15, 218, 250, 251].  Formic acid is also an 
electrolyte, which helps facilitate charge transfer.  
During development of the formic acid fuel cell, platinum was chosen as the 
anode catalyst for formic acid oxidation.  However, platinum oxidizes formic acid 
through an indirect pathway, which includes a strongly bound CO intermediate [7, 81, 
228-230].  The CO builds up quickly on the platinum catalyst, poisoning the surface, and 
rapidly degenerating the fuel cell performance [73, 231].  The CO must be removed from 
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the surface by raising the potential of the anode to allow for sufficient OH to build up on 
the surface to oxidize the strongly bound CO.  CO oxidation starts around 0.6 V vs. RHE.   
 However, it was later discovered that palladium black catalysts oxidize formic 
acid primarily through a direct pathway, which does not involve a strongly bound CO 
intermediate [7, 35, 81-83].  It is true that very little CO accumulates on the surface when 
low concentration formic acid is used.  However, in a fuel cell using 12 M or higher 
formic acid, CO slowly accumulates on the surface. 
 There has been previous work on adatom modifications to platinum using metals 
like Sb, Bi, Cd, and Pb.  These metals have been shown to increase the formic acid 
oxidation current, and in some cases, greatly ameliorate CO accumulation on the surface 
[127-129, 180].  These adatoms can affect the catalysis through any of three possible 
mechanisms: the steric effect [127, 128, 183-189], a bi-functional effect [73, 190-192] or 
the electronic effect [7, 193, 194].  Each of these effects was discussed in more detail in 
Chapter 2. 
 Recently, there has also been work on modifying platinum with antimony for 
formic acid oxidation[27, 252].  These adatoms show improvements against CO 
accumulation on the surface.  In addition, Lee tested the modified anode electrode in a 
fuel cell.  However, the observed currents were still inferior to palladium black anode 
catalysts.  Here, under-potentially deposited antimony catalysts were studied in the direct 
formic acid fuel cell, showing improvements to the standard palladium black catalyst. 
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8.2 Experimental 
 
8.2.1 Reagents   
 
The fuel cell anode catalysts layers were fabricated using palladium black 
unsupported nanoparticles (99.8%, Aldrich) and high surface area platinum black 
unsupported (HiSpec 1000, Alfa Aesar) for the anode and cathode, respectively.  A 1 M 
sulfuric acid (Veritas ® double distilled from Vycor, GFS Chemical) solution was made 
and used to dilute antimony (III) oxide (99.999%, Alfra Aesar) to achieve a 1mM 
antimony solution.  For fuel cell testing, a 10 M formic acid solution was prepared by 
diluting 50 % formic acid (50% HPLC grade, Fluka).  Each solution was made using 
18MΩ Milli-Q water as the solvent.  Compressed air (S.J. Smith) was used during fuel 
cell testing. 
 
8.2.2 Electrochemical Modifications   
 
In order to modify the catalyst, a standard three electrode electrochemical cell was 
used with a Solartron potentiostat (SI 1287).  The working electrode was made from a     
4 cm
2
 carbon paper with palladium black painted on one side.  This also served as a gas 
diffusion electrode in the fuel cell.  The counter electrode was a platinum mesh and the 
reference electrode was a Ag/AgCl/sat’d KCl reference electrode. 
 
 
148 
 
  8.2.3 Electrochemical Modification    
 
Using a sample piece of carbon paper, with the same approximate loading as the 
fuel cell, chronoamperograms were measured for five minutes in an electrochemical cell 
to obtain a baseline current in a solution of 3 M formic acid and 0.1 M sulfuric acid.  The 
electrode was then modified using the 1 mM Sb
3+
 and 1 M H2SO4 at 0.45 V vs. RHE for 
2 and 5 minutes.  The modified electrodes were then placed in the 3 M formic acid /      
0.1 M sulfuric acid solution and the current was measured for 5 minutes.    
 
8.2.4  XPS    
 
X-ray photoelectron spectroscopy (XPS) was performed using a PPHI 5400 XPS 
system with an Mg Kα X-ray source.  Samples of the catalyst were prepared as above and 
electrochemically cleaned in degassed 0.1 M sulfuric acid.  Samples were transferred to 
the XPS chamber protected by an argon environment.  Minimal exposure to ambient air 
was attempted when transferring the sample to the XPS chamber.  
  
 
8.2.5 Fuel Cell Testing 
    
The cathode of the membrane electrode assembly used during fuel cell testing was 
loaded with approximately 10 mg cm
-2
 platinum black painted directly onto a Nafion® 
117 membrane (Ion Power).  A carbon cloth with single-sided-wet-proof (0.020”, E-Tek) 
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served as the gas diffusion layer at the cathode.  A small square of platinum was also 
applied near the edge of the membrane to serve as a reference electrode.  The anode 
catalyst loading was also approximately 10 mg cm
-2
 of palladium.  However, half of the 
palladium catalyst was painted directly onto the Nafion® membrane, while the remainder 
was painted onto a carbon paper gas diffusion electrode (0.008”, Spectracarb).  The 
carbon paper with palladium was then modified in the 1 mM Sb
3+
 and 1 M H2SO4 
solution at 0.45 V vs. RHE.  The modification was done in the electrochemical cell.  A 
similar carbon paper was prepared without electrochemical modification for comparison.   
The fuel cell was maintained at 30° C and the potential was swept using a 1287 
Solartron potential stat.  10 M Formic acid was run over the anode at a rate of               
1.0 mL min
-1
 and 300 sccm of air flowed over the cathode.  Constant current tests were 
performed with 0.15 mL min
-1
 flow of formic acid.  Using the small patch of platinum 
ink, the reference electrode was made by bubbling humidified hydrogen over a platinum 
foil, which made contact with the painted platinum.  
Anode polarizations were also measured in the fuel cell at the same temperature.  
However, no additional catalyst was painted on the MEA.  Rather, the modified carbon 
paper was hot pressed onto the membrane.  This was done to assure only the effects of 
the antimony addition were measured.  The cathode served as a reference electrode by 
flowing 300 sccm of hydrogen, and 1.0 mL min
-1
 formic acid was pumped on the anode. 
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8.3 Results 
 
8.3.1 XPS 
 
XPS was used to determine the presence of antimony after underpotential 
deposition.  Carbon paper was painted with palladium catalyst on one side and modified 
in the electrochemical cell for 20 minutes at 0.4 V vs. RHE in a 1 mM Sb
3+
 and 1 M 
H2SO4 solution.  The XPS spectra confirmed the presence of antimony, and after a 20 
minute deposition, the composition was 62% palladium and 38% antimony. 
 
8.3.2 Electrochemical Characterization 
   
As a proof of concept study to determine the effects of adding antimony to 
palladium, antimony was deposited on two samples of carbon paper.  Sample A had a 
deposition time of 2 minutes and sample B had a deposition time of 5 minutes.    Fig. 8.1 
shows that for sample A there is an increase in formic acid oxidation current from 48 to 
90 mA cm
-2
 after deposition, which is a 90% enhancement.  Sample B also showed 
significant improvements from 52 to 114 mA cm
-2
, which is a 120% enhancement. 
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Figure 8.1. The oxidation of formic acid in a three electrode cell before and after 
antimony deposition. The deposition was carried out for 2 or 5 minutes, as indicated, in 1 
mM Sb
3+
 and 1 M H2SO4 at 0.45 V vs RHE.  The formic acid was oxidized at 0.3 V vs 
RHE.   
 
8.3.3 Fuel Cell Tests 
 
 Figure 8.2 shows anode polarization curves in 3 M formic acid as well as 10 M 
formic acid.  When comparing each of the polarization curves at a constant current of 300 
mA cm
-2
, the plain palladium catalyst in 10 M formic acid shows a potential of 0.155 V.  
However, the potential for the antimony-modified catalyst is at a potential of 0.109 V.  
Therefore, it requires less potential to reach the same current.  In 3 M formic acid, there is 
a greater reduction in potential at 300 mA cm
-2
.  The lower potential in 10 M for each 
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case is due to mass transfer effects, since it requires a higher potential and more fuel to 
the surface to maintain the same current output.  
 
 
Figure 8.2. Anode polarization curves comparing Pd black and Pd-Sb catalyst.  The 
catalyst was painted onto carbon paper and inserted into a fuel cell assembly with 1 mL 
min
-1 
of 50% formic acid on the anode and hydrogen on the cathode.   
 
Polarization curves from the fuel cell comparing two different MEAs are shown 
in Fig. 8.3.  The current density shown is based on geometric surface area.  At a typical 
operating potential of 0.6 V, the current of the modified fuel cell is roughly 340 mA cm
-2
.  
At the same potential the palladium black fuel cell was roughly 300 mA cm
-2
.  The peak 
power density for the antimony-modified catalyst layer also displayed an improvement.  
The antimony-modified electrode showed a peak power density of 247 mW cm
-2
, which 
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is ten percent higher than the power in the fuel cell with palladium black anode,           
225 mW cm
-2
. 
 
Figure 8.3. Polarization curves of two different MEAs in an operating DFAFC at 30°C 
with 1 mL min
-1
 10 M formic acid on the anode and 300 sccm air on the cathode.  The Pd 
black fuel cell has unmodified palladium black as the anode catalyst, while the Pd-Sb fuel 
cell has antimony-modified palladium black as the anode catalyst. 
 
Maintaining a current of 100 mA cm
-2
 shows the change in voltage during a life 
test for the two electrodes.  The results are shown in Fig. 8.4.  The antimony-modified 
catalyst shows higher voltage, and during the first five hours, both show about the same 
amount of decay.  However, after five hours the palladium catalyst layer shows increased 
deactivation.  This can be attributed to increased surface poisoning by CO formation.  
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After nine hours, the palladium-antimony catalyst has a cell voltage of 0.495 V, which is 
18% higher than the cell voltage of the palladium black catalyst, 0.419 V.  
 
Figure 8.4. Constant current test for 9 hours at 100 mA cm
-2
 for two different MEAs in 
an operating DFAFC.  The Pd black fuel cell has unmodified palladium black as the 
anode catalyst, while the Pd-Sb fuel cell has antimony-modified palladium black as the 
anode catalyst. 
 
The potential of both the anode and the cathode can be monitored during a life 
test.  As can be seen from Fig. 8.5, the loss of performance is mainly attributed to the 
anode of the fuel cell.  This is due to CO accumulation on the surface.   
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Figure 8.5. Constant current test demonstrating performance of a typical DFAFC 
operating at ambient temperature. A reference electrode is employed to determine the 
anode and cathode potentials and the voltage of the fuel cell.  The cathode is stable, while 
the anode potential raises 180 mV over 9 hours. 
 
8.4 Discussion 
 
Underpotential deposition of antimony has shown improvements to the oxidation 
of formic acid in both the electrochemical cell as well as the fuel cell.  When the 
antimony is adsorbed on the palladium catalyst, there are definite improvements in 
formic acid oxidation current.  The improvements are also dependent upon the time of 
deposition.  Fig. 8.1 shows that there is a 120% enhancement after 5 minutes of 
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deposition compared to a 90% enhancement.  However, it is unfortunate that the results 
do not translate to the fuel cell.       
When tested in the fuel cell, there is not a large enhancement in the VI curves.  
This is not unexpected, as many liquid-based fuel cells are cathode limited.  The oxygen 
reduction kinetics are much slower than the kinetics of formic acid oxidation.  This 
means that changes in oxidation kinetics in the electrochemical cell do not translate to the 
fuel cell.  This is because the electrochemical cell is only measuring the effects of the 
anode.  It does not take into consideration any limitations of the cathode [16, 19, 42, 253, 
254].  Additionally, the fuel cell can become cathode limited when using air due to mass 
transfer effects—this is especially true during the initial operation of the fuel cell.   
Previous work had shown that antimony additions suppress CO formation on 
platinum [127-129, 180].  However, it is also true that platinum more readily produces 
CO during formic acid oxidation than palladium catalysts.  When antimony is added to 
the surface with coverage less than a monolayer, this will block some catalyst sites which 
will reduce the amount of CO that can accumulate on the surface.  If less Pt is present, in 
turn there is expected to be less CO on the surface.  These adatoms can also block the 
formation of multiply bound CO from the surface [127, 128, 183-189].  This steric 
hindrance of CO accumulation has also been verified with other adatoms, such as lead 
[180].  The other likely effect that could be happening is through an electronic effect.  
When the adatom interacts with the catalyst surface, it can shift the binding energy of the 
catalyst.  This may weaken the bond strength of the intermediate or CO, and therefore 
reduce the amount of CO that accumulates on the surface.  After this work had come out, 
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Haan showed that there was a shift in the binding energy of the Pd-Sb system.  The 
binding energy shifted from 335.6 for 7.5 nm Pd black to 336.1 for Pd-Sb.    
It is not known why CO still accumulates on the surface of the Pd-Sb.  Antimony 
not adsorbing onto the surface can be excluded, since its presence was verified via XPS.  
It has been shown that the underpotential deposition of antimony on platinum occurs in 
an irreversible manner, which can also be translated to palladium.  The adatoms will not 
strip from the surface during potential cycling, as reversibly adsorbed adatoms would 
[178, 179].  While the antimony is present on the surface it does not eliminate CO from 
accumulating on the surface.   
It is, however, possible that other mechanisms are at play.  For example, it has 
been shown by Gates that poly styrenesulfonic acid can catalyze formic acid to CO.  
Morgan also showed that as the Nafion® weight percent increased in the anode catalyst 
layer, an increase in CO coverage was observed.  Therefore, it is possible that Nafion® 
within the catalyst layer is adding to the CO accumulation.  Nafion® may also be 
creating steps or kinks on the palladium surface, which may be more active for CO 
formation than other palladium sites.     
 
 
8.5 Conclusion 
 
Surface modification of palladium by antimony adatoms via underpotential 
deposition increases the oxidation current for formic acid oxidation in an 
electrochemical cell.  However, the results do not translate to the fuel cell.  It was 
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shown that addition of antimony increased the performance by 14% and after several 
hours of constant current experiments, the improvements were 18% over plain 
palladium electrodes.  This is because of several issues.  Within the fuel cell, the 
cathode oxygen reduction reaction limits the performance of the direct formic acid fuel 
cell.  Also, mass transfer and other resistances can have an effect on the performance of 
the fuel cell.  Within an electrochemical cell, mass transfer only plays a role in the fuel 
getting to the surface.  However, in a fuel cell, mass transfer occurs when the fuel must 
travel through the gas diffusion electrode.  There is also a resistance for protons to be 
transported through the catalyst layer and also through the Nafion® membrane.  
Therefore, it can be expected that improvements seen in an electrochemical cell do not 
translate to the fuel cell.   
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Chapter 9: Conclusions  
 
9.1 Nafion® Composition Studies 
 
It was shown that there is a correlation to the amount of Nafion® within the 
catalyst layer to CO poisoning as well as catalyst stability.  Of the loadings chosen, 30 
wt. % showed the best short-term fuel cell performance.  This is likely because it offers a 
balance between proton conductivity as well as adhesion.  Higher loadings will likely 
cause large mass transfer limitations when the absolute current drawn is large.  In 
addition, during the regeneration steps (CO poison oxidation from the surface), 
performance loss is obtained due to the Ostwald ripening of the catalyst.  This is due to 
the high oxidation potential needed as well as the pH.  Lastly, a loading of 30% Nafion® 
showed the best stability in terms of active area lost after potential cycles.  Lastly, it was 
shown that there is a correlation between CO build-up and the amount of Nafion® 
present in the anode catalyst layer.  As the amount of Nafion® increases, the amount of 
CO coverage increases: 57% for a 10 % Nafion® loading, 60% for a 30 % Nafion® 
loading and 64% for a 50 % Nafion® loading.  While these data were obtained with the 
miniature direct formic acid fuel cell in mind, these results are also applicable for larger 
scale formic acid fuel cells.  Therefore, while Nafion® is the most common binder 
available for fuel cells, careful consideration should be taken when choosing its loading.  
If less acidic ionomers are found with similar proton conductivity and lower pH, they will 
prove to be beneficial for the DFAFC.  
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9.2 Palladium-Decorated Carbon Nanotubes 
 
Here we have presented work on a palladium-decorated carbon nanotube catalyst 
that shows better performance for formic acid electrooxidation.  During linear sweep 
voltammetry, the palladium-decorated carbon nanotube catalyst shows a 124% 
improvement at 0.3 V vs. RHE.  In addition, the palladium-decorated shows a much more 
stable current under constant potential operation as well as a factor of four improvement 
at the end of 12 hour chronoamperograms.  Lastly, we showed that due to the vacuum 
filtration preparation, these catalysts are more stable (33% current loss vs. 60%) under 
potential cycling than the standard palladium catalyst used in the direct formic acid fuel 
cell.    
 
9.3 Polyaniline Electrode for Formic Acid Oxidation 
 
We have studied palladium and palladium-polyaniline catalysts for the oxidation 
of formic acid.  It was previously shown in the literature that palladium and polyaniline 
can enhance the oxidation of formic acid; therefore, it was desired to attempt to 
incorporate a catalyst layer containing polyaniline into the Direct Formic Acid Fuel Cell.  
Aniline was electropolymerized onto the surface of the palladium catalyst and tested in 
the electrochemical cell.  Improvements were seen in the oxidation current of formic acid 
likely due to the electronic nature of the polymer.  In addition, shifts were seen in the 
binding energy of palladium when polyaniline was added to the surface.  These 
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modifications were then adapted to be incorporated in the fuel cell.  However, the 
improvements seen in the electrochemical cell did not directly translate to fuel cell.   
 
9.4 Catalyst Modifications 
 
Surface modification of palladium by antimony adatoms via underpotential 
deposition increases the oxidation current for formic acid oxidation in an 
electrochemical cell.  However, the results do not translate to the fuel cell.  It was 
shown that addition of antimony increased the performance by 14% and after several 
hours of constant current experiments, the improvements were 18% over plain 
palladium electrodes.  This is because of several issues.  Within the fuel cell, the 
cathode oxygen reduction reaction limits the performance of the direct formic acid fuel 
cell.  Also, mass transfer and other resistances can have an effect on the performance of 
the fuel cell.  Within an electrochemical cell, mass transfer only plays a role in the fuel 
getting to the surface.  However, in a fuel cell, mass transfer occurs when the fuel must 
travel through the gas diffusion electrode.  There is also a resistance for protons to be 
transported through the catalyst layer and also through the Nafion® membrane.  
Therefore, it can be expected that improvements seen in an electrochemical cell do not 
translate to the fuel cell.   
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9.5 Overall Conclusions 
 
One of the main issues that still plagues the DFAFC fuel cell is the formation of 
CO on the surface of the anode.  While Nafion® contains functional groups which can 
enhance the formation of CO, it can also cause steps or kinks on the palladium surface, 
which may lead to increased CO.  Adatoms may slow the rate of CO accumulation on the 
surface, however, they do not entirely eliminate it. 
It may be conceivable in the future to develop such a catalyst alloy that can do for 
the DFAFC what Pt-Ru did for the DMFC.  However, it will need to be able to allow OH 
adsorption at lower potentials, ~0V vs. RHE.  This will likely be a challenge.  
In addition, an analytical tool should be developed that can mimic the transport 
problems in the fuel cell, as well as be media flexible.  Fikile Brushett has done similar 
work here [255].  These media flexible platforms will offer more realistic improvements 
for the fuel cell since they can address issues like diffusion and mass transport.  While 
these issues do exist in the electrochemical cell, they are compounded in the fuel cell, 
which can cause increased losses.  
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Appendix A: Small Fuel Cell Assembly Procedures 
Preparation of PDMS Puck: 
 
1. Mix in a 10:1 ratio the silicone elastomer (Sylgard) and curing agent in a cup.  
The amount can vary based upon the thickness of the desired puck.   
2. Stir the above mixture for approximately 5 minutes.  The solution will appear 
milky in appearance with many air bubbles. 
3. Place the mixture under vacuum to remove any air that may be in solution.  
This can take upwards of 20 minutes to complete.  The step can be completed 
more quickly if the system is cycled between vacuum and atmosphere.  This 
will allow the bubbles to collapse more quickly. 
4. Take a plastic disk with a spare silicon (in order to obtain a smooth surface) 
wafer in it.  Slowly pour the mixture over the wafer so as to not introduce any 
air bubbles.   
5. Place the dish into a 60° C oven and allow it to cure for at least 3 hours.  The 
rack the dish is sitting on should be as level as possible.   
6. Once the puck has cured, remove it from the dish and cut the puck into a 
circle about 2.5-3 inches in diameter.   
 
Preparation of Adhesive for Adhesive Transfer: 
 
1. In an amber colored jar measure the following chemicals: 
a. 0.10 g of 2-Methylimidizole (99% Sigma-Aldrich) 
b. 3.35 g DEH 87 (Dow Chemical) 
c. 8.35 g DER 672 (Dow Chemical) 
d. 32 g Anisole (Reagent Plus 99% Sigma-Aldrich) 
2. Stir that mixture together for at least 20 hours. 
3. Place the mixture in an ultra sonic bath for 5 minutes. 
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4. Add two more ingredients to the mixture: 
a. 20 g 2-Methoxyethanol (ACS Reagent >99.3% Sigma-Aldrich) 
b. 5 g Di (Propylene glycol methyl ether acetate) mixture of isomers 
(99% Sigma-Aldrich) 
5. Stir that mixture together for at least 20 hours. 
6. Place in ultra sonic bath for 5 minutes. 
 
 
Spinning Recipe: 
 
1. Place VM 652 (HD Microsystems), and methanol onto the puck.  Enough to 
cover the surface 
2. Allow to sit for 2-3 minutes 
3. Using spinner, use the following recipe: 500 RPM for 2 seconds, 1500 RPM 
for 2 seconds, and 3000 RPM for 30 seconds 
4. After spinning adhesion promoter, drop approximately 3 mL of adhesive on 
the puck and follow the same spinning recipe.  Puck should be covered 
uniformly after spinning.  After use puck can be cleaned with IPA and 
Acetone. 
 
Conditioning Nafion®: 
 
1. Place the Nafion® in a 5 % hydrogen peroxide solution.  This can be made by 
combining 500 mL of DI water with 100 mL 30% peroxide solution (ACS 
reagent Sigma-Aldrich).  Heat this to 80° C and soak for 1 hour. 
2. Rinse with DI water and soak in DI water at 80° C for 1 hour. 
3. Soak Nafion® in 0.5 M H2SO4.  This can be made by adding 15 mL of 18 M 
H2SO4 with 485 mL of DI water.  Heat this solution to 80°C and soak for 1 
hour. 
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4. Rinse with DI water and soak Nafion® at 80°C in DI water. 
5. Store sheets of Nafion® in DI water. 
 
Catalyst Ink: 
 
1. In scintillation vial add:  
a. 10 mg Pt black (HISPEC 1000, Alfa Aesar) for cathode ink or 10 mg 
Pd black (High Surface Area 99.8%, Sigma Aldrich) for anode 
b. 1 drop of Millipore water to wet the catalyst (not needed for anode) 
c. 90 mg of Isopropyl Alcohol  
d. 40 mg of 5 wt% Nafion® Solution (Solution Technology Inc.) 
2. Sonicate ink on ice for 2 minutes.  
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Appendix B: Testing Small Fuel Cell Procedure 
This appendix gives detailed instructions for the testing of the miniature direct 
formic acid fuel cells.  In order to test the fuel cells, the preceding steps from Chapter 4 
must be followed.  Once the fuel cell is assembled, it can be tested by following the 
subsequent steps: 
1. Place fuel cell between the two pieces of the Teflon holder, and clamp 
tightly so that the O-rings seal around the anode and cathode catalyst 
layers.  This is suspended, with the anode facing up, using a ring stand and 
a clamp. 
2. Connect the working electrode and a reference to the cathode of the fuel 
cell, and connect the counter and reference electrode to the anode of the 
fuel cell.  This configuration will result in negative potentials on the 
potentiostat and positive potentials on the computer readout. 
3. Click the potential stair-step experiment; enter the file name and where the 
file will be saved. The parameters for the potential stair-step are as 
follows: 
a. Run from 0 vs. open circuit to 0.1 vs. reference. 
b. Step in 10 mV increments in 1 second  
4. Add enough formic acid to cover the catalyst area.  Often one fourth of the 
chamber is filled with formic acid.  Monitor the open circuit of the fuel 
cell, and then run the experiments once the open circuit of the fuel cell has 
stabilized.  This often takes about one minute. 
5. Run the potential stair-step experiment.   
6. Repeat the experiment until the performance has stabilized. 
7. After the performance has stabilized, the CO needs to be removed from 
the surface.  Rinse the anode fuel with DI water several times, and leave 
DI water covering the anode. 
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8. Run a galvanostatic experiment to remove the CO from the surface.  The 
current that the fuel cell is run at depends upon the limiting current from 
the VI curves.  For example, if the limiting current was close to 15 mA, 
the current would be entered as -0.015 vs. reference.  The time can be 
entered as 50 hours, since this experiment is stopped manually. 
9. Enter the file name and run the experiment until the potential of the fuel 
cell drops to -0.9 V.  This drop should be steady and not too fast.  Do not 
allow the fuel cell to drop below -1.1 V.  This typically can ruin the fuel 
cell.  In order to make sure CO has been removed from the surface, the 
current could be reduced, and the potential should drop slower.  Again, the 
experiment should be stopped once the fuel cell has reached 0.9 V. 
10. Run another potential-stair step experiment to note the improvement in 
performance.  
 
In order to do the lift test experiments, the following steps should be noted: 
1. Assemble the fuel cell as above with the electrodes connected in the same 
way. 
2. Open a potentiostatic experiment and enter the file name.  Set the potential 
of the fuel cell at the desired potential.  For example, if the fuel cell is to 
be run at 0.5 V, enter 0.5 V versus reference.  Then, enter the time the 
experiment should run.  If this is for a fuel utilization experiment, the time 
can be entered as 10 hours, or something much longer than the actual 
experiment. 
3. Place formic acid over the anode.  This could range from 10 micro-liters to 
an excess of formic acid. 
4. Run the experiment, and stop the experiment once the current of the fuel 
cell becomes positive.   
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Appendix C: Fuel Cell Assembly Procedures 
 
Nafion® Conditioning Procedure 
1. Cut Nafion® into square sheets of similar sizes. 
2. Heat for 1 hour in 5% hydrogen peroxide at 80 ºC. 
3. Rinse with pure water. 
4. Boil in pure water for 1 hour. 
5. Heat for 1 hour in 0.5 M sulfuric acid at 80 ºC. 
6. Rinse with pure water. 
7. Boil in pure water for 1 hour. 
8. Rinse and store in pure water. 
 
Catalyst Ink Preparation Procedure 
 
1. Add 50 mg of catalyst and 600 mg of Millipore water to glass vial. 
2. Use platinum black catalyst for cathode; palladium black catalyst for anode. 
3. Sonicate mixture for 1-2 minutes surrounded by ice bath. 
4. Add 220 mg Nafion® suspension to vial. 
5. Sonicate mixture for 1-2 minutes surrounded by ice bath.   
6. Paint immediately, keeping ink cool in ice water bath. 
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Fuel Cell Painting Procedure 
1. Apply vacuum and heat (60 ºC) to the vacuum table, and let it warm up. 
2. Lay conditioned Nafion® sheet on vacuum table, and cover with silicone/nylon 
gasket, with 2x2 cm square hole cut in it. 
3. After a few minutes, Nafion® is dry and ready for painting. 
4. Apply cathode catalyst ink to Nafion® surface using a short camel hair brush and 
multiple directions for painting.  The ink should dry almost instantly when it hits 
the Nafion®.  If it doesn’t, then there is too much ink on the brush. 
5. Paint in slow, even strokes, until catalyst ink is exhausted or catalyst ink begins to 
show signs of cracking or chipping.  At this point immediately stop. 
6. Wait 30 minutes for ink to thoroughly dry. 
7. Remove silicone sheet, and label the electrode just painted as cathode. 
8. Flip membrane so unpainted membrane is facing up. 
9. Paint a few strokes of remaining platinum ink off center of the anode catalyst area 
and let dry for 1-2 minutes 
10. Cover with the silicone sheet, and paint the anode side of the Nafion® in a similar 
manner as the cathode side. 
11. After 30 minutes of drying, the MEA is ready for fuel cell assembly.   
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Carbon Paper Painting Procedure 
1. Turn hot plate to 2. 
2. Secure carbon paper to hot plate with tape. 
3. Paint with slow brush strokes and be sure each layer dries before applying the 
next. 
4. Paint until the ink is entirely used up. 
5. Wait overnight for ink to thoroughly dry. 
   
 
Fuel Cell Assembly 
1. Place all bolts through the holes in the cathode flow field and gold-plated current 
collector.   
2. Lay the cathode flow field flat with flow channels facing up.  The 3 bolts should 
be sticking straight up, while the head of the bolts are touching the table and 
concealed from view. 
3. Cut a piece of 20 mil silicone gasket (McMaster), and place it on top of the flow 
field along with the carbon cloth gas diffusion layer. 
4. Place the MEA (prepared previously and hot pressed with the carbon paper at 80 
C) on top of the silicone gasket and carbon cloth. 
5. On top of the MEA, place a piece of 10 mil silicone gasket (McMaster) with a 
hole for the reference electrode. 
6. Place the flow field and current collector on top of this assembly. 
7. Tighten bolts and insert the remaining bolts and tighten methodically. 
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Appendix D: Electrochemistry Catalyst Preparation 
Procedures 
Standard Ink Preparation Procedure 
1. Place 5.6 mg palladium catalyst into a small glass vial 
2. Add 1 g water 
3. Add 3 drops Nafion® suspension. 
4. Sonicate for 1-2 minutes in the sonicating bath. 
5. Place 12.5 uL of catalyst ink on a small electrodes (for RDE) or 50 uL of catalyst 
ink on the large electrodes (for other experiments) 
 
Standard Catalyst Characterization Procedure 
 
1. Once electrochemical cell is clean and dried, assemble all the glassware. 
2. Pour in electrolyte solution and bubble UHP argon directly into the solution for 
30 minutes. 
3. Clean counter electrode in hydrogen flame. 
4. Place reference and counter electrodes in cell. 
5. Place working electrode in cell using an adaptor or via the RDE. 
6. Run several CV cycles until they are stable and judge cleanliness of the electrode 
surface. 
7. Perform all necessary tests, CVs, CAs, modifications, etc., on the catalyst. 
8. Connect catalyst as working electrode 
  
172 
 
Appendix E: XPS Catalyst Preparation Procedures 
 
Catalyst Preparation Procedure 
1. Place 5.6 mg palladium catalyst into a small glass vial 
2. Add 1 g water 
3. Sonicate for 1-2 minutes in the sonicating bath. 
4. Place 50 uL of catalyst ink on a gold electrode 
5. Dry catalyst 
6. If catalyst fully covers the gold electrode, preparation is finished.  If catalyst does 
not fully cover, wipe off dried catalyst and repeat from step 1 with new catalyst 
ink. 
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Electrochemical Catalyst Preparation 
1. Setup electrochemical cells as usual (one with dilute sulfuric acid and other with 
adatom solution) and degas solutions for 30 minutes with argon 
2. Also setup transfer flasks with pure water and degas for 30 minutes with argon 
3. Attach all electrodes to prepare for experiments 
4. Clean catalyst surface in sulfuric acid solution with potential cycles from ~0 to 
~1.2 V vs RHE 
5. Quickly transfer catalyst to adatom solution while protected with a solution 
droplet 
6. Run a few fast scan CVs to be sure surface was not contaminated during transfer 
7. Set and hold potential for several minutes in adatom solution 
8. Optional: run a few CVs (until surface is stable) to be sure that only irreversibly 
adsorbed adatoms remain on the surface 
9. Quickly transfer catalyst to transfer flask and degas five additional minutes 
10. Close valves on transfer flask and carry to Materials Research Lab 
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Sample Loading and Analysis 
1.  Samples are carried to MRL while kept in inert transfer flask 
2. Remove sample quickly and transfer to sample holder 
3. Move samples into instrument chamber and pump down immediately 
4. Run full spectrum scan of sample 
5. Run spectra in regions of interest for carbon, palladium, and the adatom 
6. Run spectra at several locations on the sample  
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Appendix F: Aniline Electropolymerization 
1. Setup electrochemical cells as usual (one with dilute sulfuric acid and other with 
0.1 M aniline / 0.5 M H2SO4  solution) and degas solutions for 30 minutes with 
argon. 
2. Have prepared carbon paper / catalyst sample ready. 
3. Attach all electrodes to prepare for experiments 
4. Clean catalyst surface in sulfuric acid solution with potential cycles from ~0 to 
~1.2 V vs RHE 
5. Transfer electrode to solution containing aniline.  Run desired number of cycles 
from -0.2 to 0.9 V vs. Ag/AgCl at a scan rate of 50 mV/s.   
6. After completion of polymerization, rinse electrode with Millipore water. 
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Appendix G: Ag/AgCl Reference Electrode Calibration 
 
In order to be able to reference the Ag/AgCl reference electrode to the reversible 
hydrogen electrode (RHE) you can follow this procedure.  This should be done every two 
weeks to calibrate the Ag/AgCl electrode.  Reporting potentials versus RHE takes into 
account the solution you are using as well as its pH. 
 
1. Since many of the experiments done in this work used 0.1 M H2SO4, that is 
what is what will be used here.  Please the solution in an electrochemical cell, 
and degas with UHP Ar for at least 30 minutes. 
2. Please reference electrode and counter electrode into the solution in their 
usual places. 
3. Connect the reference electrode lead to the reference electrode, and connect 
the working, counter, and reference 2 electrode to the counter electrode. 
4. Bubble hydrogen over the counter electrode. 
5. Measure the open circuit potential between the two electrodes using the 
potentiostat.  This will be the conversion factor between the Ag/AgCl 
potentials and the Reversible Hydrogen Electrode potentials.  For a 0.1 M 
H2SO4 solution, you should add approximately 0.27 V to Ag/AgCl to obtain 
RHE. 
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